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PREFACE. 

Wb  wish  to  say,  first  of  all,  that  this  cyclopaedia,  like  all  other 
cyclopsedias,  is  a  compilation;  but,  with  the  exception  of  the 
History  of  Electricity,  it  is  strictly  a  compilation  of  all  that  is 
best  and  newest  in  applied  electricity.  We  know  from  our  large 
experience  with  artisans  and  students  in  connection  with  the 
sale  of  our  Engineers'  Encyclopaedia  of  the  Steam  Engine,  that  a 
work  which  furnishes  reliable  and  practical  information  worthy 
of  being  called  a  "tool  of  trade,"  is  always  welcome. 

We  therefore  copy  from  the  preface  of  two  of  the  most  impor- 
tant works  in  this  combination,  the  first  being  a  work  just  pub- 
lished in  London,  Electridil  Etigineering  for  Electric  Light  Ar- 
tisans and  Students  f  by  Wm,  Slingo,  Principal  of  the  Telegraphists 
School  of  Science^  and  Director  ^  the  Electrical  Engineering  Sec- 
Hon  of  the  People's  Palace^  London,  and  A.  Brooker,  Instructor 
in  Electrical  Engineering  at  the  Telegraphist's  School  of  Sci- 
ence, London. 

"  We  have  designed  this  book  to  cover  the  extensive  syllabus  of 
the  City  and  Guilds  of  London  Institute,  and  have  so  enlarged 
its  scope  as  to  make  it  embrace  the  requirements  not  only  of 
those  actually  employed  in  the  electric  lighting  industry,  but 
also  of  those  who,  while  having  little  or  no  electrical  knowledge, 
have  under  their  supervision  various  kinds  of  electrical  machin- 
ery. The  work  should  therefore  prove  of  service  to  such  men 
as  marine,  railway  and  tramway  engineers,  naval  officers,  muni- 
cipal officials,  and  managers  of  mines  and  factories. 

«  We  recognize  to  the  full  the  fact  that,  as  a  rule,  the  most  suc- 
cessful electrical  engineers  are  evolved  from  good  mechanical 
engineers,  and  have  striven  to  give  our  readers,  even  though  they 
may  possess  no  previous  electrical  knowledge,  a  clear  insight  into 
the  purely  scientific  as  well  as  the  practical  part  of  the  subject. 
Every  effort  has,  however,  been  made  to  embrace  only  the  essen- 
tial branches  of  the  pure  science,  omitting  those  which,  while 
interesting  and  serviceable  in  other  fields,  are  not  required  in 
electric  lighting  or  the  electrical  transmission  of  power.  It  is 
hoped  also  that  we  have  succeeded  in  the  difficult  task  of  ex- 
plaining the  subject  clearly  and  in  simple  language.  The  close 
connection  between  the  three  kinds  of  electriod  phenomena, 
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static  or  frictional,  dynamic  or  current,  and  magnetic,  has  been 
carefully  explained  and  made  to  follow  naturally.  It  is  believed 
that  the  fact  that  magnetism  is  primarily  but  a  consequence  of 
dynamic  electricity,  or  the  more  or  less  permanent  effect  on  cer- 
tain substances  of  an  electrical  disturbance,  instead  of  being  a 
separate  and  distinct  series  of  phenomena,  has  not  hitherto  been 
so  plainly  and  unhesitatingly  expressed.  It  is  our  firm  convic- 
tion that  in  the  near  future  this  view  of  the  question  is  the  one 
which  will  be  universally  adopted.  The  conception  of  "lines- 
of  force"  is  one  of  great  value  to  the  student,  and  he  will  find 
them  here  reasoned  about  as  having  a  tangible  existence.  It 
would  be  impossible  to  describe  every  piece  of  apparatus  or 
machinery  in  actual  use,  and  we  have  selected  those  which,  while 
having  proved  in  practice  to  be  among  the  best  in  their  respective 
classes,  also  serve  to  illustrate  in  the  readiest  manner  the  laws 
and  principles  involved.  In  a  few  cases,  however,  the  apparatus 
can  scarcely  be  said  to  have  been  successfully  applied,  but  they 
have  been  introduced  as  indicating  the  highest  present  develop- 
ments in  directions  in  which  success  will  probably  be  attained. 

"  Although  primary  batteries  are  not  used  to  any  great  extent  in 
electric  lighting,  except  for  testing  and  other  similar  operations, 
yet  a  considerable  amount  of  space  has  been  devoted  to  them, 
and  to  the  experiments  which  can  readily  be  performed  by  their 
aid,  because  long  experience  has  taught  us  that  they  afford  in  the 
readiest  way  a  clear  insight  into  the  fundamental  principles  of 
the  science  and  the  various  laws  so  far  discovered. 

"An  unusally  large  number  of  the  explanations  have  been 
based  upon  Ohm's  law  and  its,  consequences.  Mathematical 
formulae  and  explanations  have,  where  possible,  been  avoided ; 
where  they  do  occur  they  are  invariably  simple,  and  gene- 
rally accompanied  by  arithmetical  examples.  As  they  merely  sup- 
plement the  ordinary  explanations,  they  can  usually  be  ignored 
without  the  meaning  being  missed;  but  those  able  to  solve  a 
simple  equation  will  find  very  little  indeed  which  cannot  easily 
be  followed.  "W.  S." 

''A.  B." 

The  early  part  of  the  work  (to  page  622)  being  devoted  to 
Electrical  Engineering,  of  which  Messrs.  Slingo  and  Brooker  are 
the  authors,  the  next  important  divisions — The  Telegraph  and 
The  Telephone— are  translations  from  the  great  German  work 
by  Dr.  Alfred  Ritter  von  Urbanitzky,  who,  in  his  brief  preface  to 
his  original  work  upon  which  the  present  treatise  is  based,  thus 
describes  his  purpose  :— 
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"  In  its  power  to  assume  always  that  form  of  energy  which 
•happens  to  be  the  most  useful,  lies  the  great  importance  of  Elec- 
tricity. This  importance  has  been  brought  home  to  the  public 
at  large  by  means  of  the  many  recent  exhibitions.  Public  inter- 
est has  been  roused,  and  there  is  everywhere  a  desire  for  informa- 
tion, and  a  demand  for  a  guide  through  this  mysterious  and  far- 
extended  territory.  Although  there  is  no  want  at  present  of 
works  and  periodicals  which  treat  of  the  science  of  electricity, 
it  is  not  everybody's  business  to  go  through  fifty  volumnes  to 
pick  out  from  amongst  the  useful  and  useless  that  which  is  needed, 
and  finally  to  retain  just  enough  to  make  up  one  volume. 

**The  task  of  saving  the  general  reader  that  trouble  I  have 
undertaken,  and  have  sought  to  convey  a  clear  insight  into  the 
whole  science  of  modern  electro-technics,  without  requiring  on 
the  reader's  part  any  special  knowledge  beyond  that  of  ordinary 
-education.  The  very  complete  index  is  further  intended  to  make 
the  work  of  use  as  a  book  of  reference." 

To  emphasize  the  principal  objects  of  the  work,  an  Introduc- 
tion by  Professor  John  Perry  reviews  the  following  essential  char- 
.acteristics : — 

**  I.  The  method  of  following  up  analogies  as  far  as  possible. 
To  this  we  have  already  referred. 

**  2.  The  advisability  of  keeping  in  view  the  older  methods  and 
instruments,  so  as  not  to  allow  recent  discoveries  to  cause  them 
to  be  regarded  as  useless.  Instruments  that  have  been  for  a  time 
regarded  merely  as  toys,  may  suddenly  be  brought  into  demand 
for  practical  purposes,  and  ought  not  to  be  lost  sight  of.  It  is 
becoming  the  fashion,  for  instance,  to  look  upon  frictional  or 
statical  electric  machines  as  things  of  the  past ;  but  there  are 
several  discoveries  of  late  years  which  seem  to  hint  that  they 
may  yet  be  utilized  to  a  greater  extent  than  hitherto.  As  an 
example,  Professor  Lodge  has  shown  that  dust  and  vapor  sus- 
pended in  the  air  can  be  *  settled  *  by  an  electric  discharge, 
consisting  of  a  continuous  series  of  electric  sparks.  This  fact, 
when  once  stated,  has  speedily  been  applied  to  clear  the  atmos- 
phere in  lead-smelting  works  from  the  fumes  of  volatilized  lead. 
Almost  contemporaneously  with  this  discovery,  comes  the  inven- 
tion of  the  ingenious  influence  machine  of  Wimshurst,  which 
produces  with  a  minimum  of  difficulty  and  mechanical  labor,  a 
continuous  series  of  such  sparks,  and  appears  admirably  adapted 
for  any  purpose — of  which  more  may  possibly  be  discovered— 
requiring  the  simple  production  of  electric  discharges  through 
the  air. 

''  Our  aim  has  been  to  supply  that  information  in  a  form  suitable 
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for  the  general  inquirer,  and  yet  to  connect  with  it  detailed  and 
definite  facts  and  figures  which  may  be  of  service  to  technical 
students  and  professional  workmen. 

'•  We  have  only  to  state  in  conclusion,  that  the  draft  translation 
of  the  original  work  (which  has  received,  however,  very  free 
handling)  has  been  executed  by  Mr.  Emil  Beyer.  And  we  have 
also  to  thank  the  numerous  electrical  engineers  or  inventors  who 
have  rendered  valuable  aid  in  bringing  the  work  up  to  date,  by 
supplying  information  (often  accompanied  by  illustrations)  and 
revising  the  proof-sheets  of  the  text.  Amongst  these  we  are 
particularly  indebted  to  Messers.  Ayrton  and  Perry,  Mr.  James 
Wimshurst,  Mr.  Alexander  Schanschieff,  the  Brush  Company,  the 
Exchange  Telegraph  Company,  and  Messrs.  Siemens,  Edison  & 
Co.,  Gerard  &  Co.,  Higgins,  and  Fuller." 

The  remainder  of  the  work — comprising  Photophone,  Phe- 
ROPE,  Phonograph,  and  Thermo-Piles — are  all  from  the  latest 
and  best  authorities. 

There  may  be  an  apparent  repetition  of  the  subject  of  '*  Elec- 
tricity as  a  Motive-Power y**  as  applied  to  Street  Railways  in  Amer- 
ica ;  but  it  will  be  found  that  all  that  has  been  said  on  this  and  on 
other  branches  relating  to  motive  power  is  absolutely  necessary 
for  the  completeness  of  the  work. 

THE  GEBBIE  PUBLISHING  CO.,  LiMrrED. 
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HISTORY  OF  ELECTRICITY. 


The  name  of  the  philosopher  who  first  observed  that  amber 
when  rubbed  possesses  the  property  of  attracting  and  repelling 
light  bodies  is  generally  recorded  to  have  been  Thales  of 
Miletus,  who  described  this  remarkable  property  (b.  c.  600), 
and  both  Theophrastus  (b.  c.  321)  and  Pliny  (a.  d.  70)  men- 
tion the  power  of  amber  to  attract  straws  and  dry  leaves.  The 
same  authors  speak  of  the  lapis  lyncuriuSy  which  is  supposed 
to  be  a  mineral  called  tourmaline,  as  possessing  the  same 
property. 

The  electricity  of  the  torpedo  fish  was  also  known  to  the  an- 
cients. Pliny  informs  us  that  when  touched  by  a  spear  it  paralyzes 
the  muscles  and  arrests  the  feet,  however  swift;  and  Aristotle 
adds  that  it  possesses  the  power  of  benumbing  men,  as  well  as  the 
fishes  which  serve  for  its  prey.  The  influence  of  electricity  on 
the  human  body,  and  the  electricity  of  the  human  body  itself, 
were  also  known  in  ancient  times.  Anthero,  a  freedman  of  Ti- 
berius, was  cured  of  the  gout  by  the  shocks  of  the  torpedo ; 
and  Wolimer,  the  king  of  the  Goths,  was  able  to  emit  sparks 
from  his  own  body. 

Eustathius  (a.  d.  415),  who  records  this  fact,  also  states  that 
a  certain  philosopher,  while  dressing  and  undressing,  emitted 
occasionally  sudden  crackling  sparks,  while  at  other  times  flames 
blazed  from  him  without  burning  his  clothes. 

Such  are  the  scanty  gleanings  of  electrical  knowledge  which 
we  derive  from  the  ancient  philosophy;  and  though  several 
writers  of  the  middle  ages  have  made  occasional  references  to 
these  facts,  and  even  attempted  to  speculate  upon  them,  yet  they 
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added  nothing  to  the  science,  and  left  an  open  field  for  the  re- 
searches of  modern  philosophers. 

Dr.  Gilbert,  of  Colchester,  England  (a.  d.  1600),  may  there- 
fore be  considerec  as  the  founder  of  the  science  of  electricity,  as 
he  appears  to  have  been  the  first  philosopher  who  carefully  re- 
peated the  observations  of  the  ancients,  and  applied  to  them  the 
principles  of  philosophical  investigation.  .  In  order  to  determine 
if  other  bodies  possessed  the  same  property  as  amber,  he  bal- 
anced a  light  metallic  needle  on  a  pivot,  and  observed  whether 
or  not  it  was  affected  by  causing  the  excited  or  rubbed  body  to 
approach  to  it.  In  this  way  he  discovered  that  the  following 
bodies  possess  the  property  of  attracting  light  substances :  Am- 
ber, gugates  or  jet,  diamond,  sapphire,  carbuncle,  rock  crystal, 
opal,  amethyst,  vincentina  or  Bristol  stone,  beryl,  crystal,  paste 
for  false  gems,  glass  of  antimony,  flags,  belemnites,  sulphur,  gum- 
mastic,  sealing-wax  of  lac,  hard  resin,  arsenic,  sal  gem,  mica,  and 
alum. 

These  various  bodies  attracted,  with  different  degrees  of  force, 
not  only  straws  and  light  films,  but  likewise  metals,  stones, 
earths,  wood,  leaves,  thick  smoke,  and  all  solid  and  fluid  bodies. 
Among  the  substances  which  are  not  excited  by  friction,  Gilbert 
enumerated  emerald,  agate,  carnelian,  pearls,  jasper,  chalcedony, 
alabaster,  porphyry,  coral,  marble,  Lydian  stone,  flints,  haema- 
tites, mugris  {emery  or  corundum)^  bones,  ivory,  hard  woods, 
such  as  cedar,  ebony,  juniper,  and  cypress,  metals  and  natural 
magnets. 

Having  thus  determined  the  bodies  which  were  capable,  as 
well  as  those  which  were  incapable,  of  electrical  excitation.  Dr. 
Gilbert  was  desirous  of  ascertaining  the  circumstances  which 
were  most  favorable  to  the  production  of  electricity.  When  the 
wind  blew  from  the  north  and  east,  and  when  the  air  was  dry, 
the  body  was  excited  in  about  ten  minutes  after  the  friction 
commenced ;  but  when  the  wind  was  in  the  south,  and  the  air 
moist,  the  attractive  power  of  the  body  was  greatly  diminished, 
and  in  some  cases  it  could  not  be  excited  at  all. 

The  celebrated  Mr.  Boyle  (a.  d.  1675)  added  many  new  fi3u:ts 
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to  the  science  of  electricity,  and  he  has  given  a  full  account  of 
them  in  his  "  Experiments  on  tlie  Origin  of  Electricity. "  By  means 
of  a  suspended  needle,  he  discovered  that  amber  retained  its  at- 
tractive virtue  after  the  friction  which  excited  it  had  ceased ; 
and  though  smoothness  of  surface  had  been  regarded  as  advan- 
tageous for  excitation,  yet  he  found  a  diamond  which  in  its  rough 
state  exceeded  all  the  polished  ones  and  all  the  electrics  which 
he  had  tried,  having  been  able  to  move  a  needle  three  minutes 
after  he  had  ceased  to  rub  it.  He  found  also  that  heat  and  ter^ 
Stan  (or  the  cleaning  or  wiping  of  any  body)  increased  its  suscep- 
tibility of  excitation ;  and  that  if  the  attracted  body  were  fixed, 
and  the  attracting  body  movable,  their  mutual  approach  would 
still  take  place.  To  Dr.  Gilbert's  list  of  electrics  Mr.  Boyle 
added  the  resinous  cake  which  remained  after  evaporating  one- 
fourth  part  of  good  oil  of  turpentine ;  the  dry  mass  which  re- 
mains after  distilling  a  mixture  of  petroleum  and  strong  spirit  of 
nitre,  glass  of  antimony,  glass  of  lead,  caput  mortuum  of  amber, 
white  sapphire,  white  amethyst,  diaphanous  ore  of  lead,  camel- 
ian,  and  a  green  stone  supposed  to  be  a  sapphire. 

To  these  discoveries  of  Mr.  Boyle,  his  illustrious  contemporary, 
Otto  Guericke  (bom  1602,  died  1686),  added  the  highly  impor- 
tant one  of  electric  Ught,  Having  cast  a  globe  of  sulphur  in  a 
glass  sphere,  the  glass  was  broken,  and  the  sulphur  ball  mounted 
upon  a  revolving  axis,  and  excited  by  the  friction  of  the  hand. 
By  this  means  he  discovered  that  light  and  sound  accompanied 
strong  electrical  excitation,  and  he  compares  the  light  to  that 
which  is  exhibited  by  breaking  lump  sugar  in  the  dark.  With 
this  powerful  apparatus  Guericke  verified  on  a  greater  scale  the 
results  obtained  by  his  predecessors,  and  obtained  several  new 
ones  of  very  considerable  importance.  He  found  that  a  light 
body,  when  once  attracted  by  an  excited  electric,  was  repelled 
by  it,  and  was  incapable  of  a  second  attraction  tmtil  it  had  been 
touched  by  some  other  body,  and  that  light  bodies  suspended 
within  the  sphere  of  influence  of  an  excited  electric  possessed  the 
same  properties  as  if  they  had  been  excited. 

To  Sir  Isaac  Newton  (bom  1642,  died  1727)  the  science  of 
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electricity  owes  some  important  observations.  He  seems  to  have 
been  the  first  person  who  constructed  an  electrical  machine  of 
glass.  "A  globe  of  glass,"  sa)rs  he,  "about  eight  or  ten  inches 
in  diameter,  being  put  into  a  frame  where  it  may  be  swiftly 
turned  round  its  axis,  will  in  turning  shine  when  it  rubs  against 
the  palm  of  one's  hand  applied  to  it ;  and  if  at  the  same  time  a 
piece  of  white  paper  or  a  white  cloth,  or  the  end  of  one's  finger, 
be  held  at  the  distance  of  about  a  quarter  of  an  inch  or  half  an 
inch  from  that  part  of  the  glass  when  it  is  most  in  motion,  the 
electric  vapor  which  is  excited  by  the  friction  of  the  glass  against 
the  hand  will,  by  dashing  against  the  white  paper,  cloth,  or  fin- 
ger, be  put  into  such  an  agitation  as  to  emit  light,  and  make  the 
white  paper,  cloth,  or  finger  appear  lurid  like  a  glow-worm,  and 
in  rushing  out  of  the  glass  will  sometimes  push  against  the  finger 
so  as  to  be  felt.  And  the  same  things  have  been  found  by  rub- 
bing a  long  and  large  cylinder  of  glass  and  amber  with  a  paper 
held  in  one's  hand,  and  continuing  the  friction  till  the  glass 
grew  warm."  *  We  owe  also  to  Sir  Isaac  a  beautiful  experiment 
on  the  excitation  of  electricity  on  the  side  of  a  disc  of  glass  op- 
posite to  the  side  which  was  rubbed.  Having  fixed  a  round  disc 
of  glass  at  the  distance  of  one-third  of  an  inch  from  one  end  of 
a  brass  hoop  or  ring,  and  one-eighth  of  an  inch  from  another, 
he  placed  small  pieces  of  thin  paper  within  the  brass  ring  and 
upon  a  table,  so  that  the  lower  surface  of  the  glass  was  one- 
eighth  of  an  inch  distant  from  the  table.  He  then  rubbed  the 
upper  surface  of  the  glass,  and  he  observed  the  pieces  of  paper 
*'leap  from  one  part  of  the  glass  to  the  other,  and  twirl  about 
in  the  air."  Upon  sliding  his  finger  upon  the  upper  side  of  the 
glass,  he  also  observed  that  the  pieces  of  paper,  as  they  hung 
under  the  glass,  inclined  this  way  or  that  according  as  he  moved 
his  finger.  The  Royal  Society  had  ordered  this  experiment 
to  be  tried  at  their  meeting  of  December  i6,  1675 ;  and  in 
order  to  ensure  its  success,  had  obtained  the  above  account  of  it 
from  Sir  Isaac.     The  experiment,  however,  failed,  and  the  seo- 

*OpHay  query  8th. 
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retary  requested  the  loan  of  Sir  Isaac's  apparatus,  and  inquired 
whether  or  not  he  had  secured  the  papers  from  being  moved  by 
the  air  which  might  have  somewhere  stolen  in.  In  Sir  Isaac's 
reply,  dated  December  21,  he  recommended  them  to  rub  the 
glass  ''  with  stuff  whose  threads  may  rake  its  surface,  and  if  that 
will  not  do,  to  rub  it  with  the  finger-ends  to  and  fro,  and  knock 
them  as  often  upon  the  glass."  By  means  of  these  directions 
the  society  succeeded  with  the  experiment  on  January  13,  1676, 
when  they  used  "a  scrubbing  brush  of  short  hog's  bristles,  and 
the  heft  of  a  knife  made  with  whalebone."  * 

Mr.  Francis  Hawksbee  (a.  d.  1705),  one  of  the  most  active 
and  ingenious  experimental  philosophers  of  his  age,  added  many 
new  facts  to  the  science.  In  1705  he  communicated  to  the 
Royal  Society  several  curious  experiments  on  what  he  calls  ''  the 
mercurial  phosphorus."  He  showed  that  light  could  be  pro- 
duced by  passing  common  air  through  mercury  placed  in  a  well- 
exhausted  receiver.  The  air  rushing  through  the  mercury  blew 
it  up  against  the  sides  of  the  glass  that  held  it,  <<  appearing  all 
around  like  a  body  of  fire,  consisting  of  abundance  of  glowing 
globules."  The  phenomenon  continued  till  the  receiver  was 
half  full  of  air.  When  the  mercury  was  made  to  descend  in 
vacuo  from  the  top  to  the  bottom  of  a  receiver  about  twenty-one 
inches  high,  it  fell  in  minute  particles,  ''  like  a  shower  of  fire,  in 
a  very  surprising  manner."  In  repeating  this  experiment  with 
about  three  pounds  of  mercury,  and  making  it  break  into  a 
shower  by  dashing  it  against  the  crown  of  another  glass  vessel, 
flashes  resembling  lightnings  of  a  very  pale  color,  and  very  dis- 
tinguishable from  the  rest  of  the  produced  light,  were  dashed 
from  the  crown  of  the  glass,  sometimes  horizontally,  and  at  other 
times  upwards  and  downwards.  Mr.  Hawksbee  likewise 
showed  that  considerable  light  may  be  produced  from  mercury, 
by  giving  it  motion  before  the  receiver  was  quite  exhausted ;  and 
that  even  in  the  open  air  '*  abundance  of  particles  of  light  are 
discoverable  by  shaking  quicksilver  in  a  glass." 

♦Brewster's  Life  of  Sir  Isaac  Newitm^  pages  307,  308. 
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In  a  subsequent  series  of  experiments  on  the  attraction  of 
bodies  in  vacuo,  he  showed  that  light  was  generated  by  the 
swift  attrition  of  amber  on  woollen ;  that  a  purple  light  was 
produced  by  the  attrition  of  glass  on  woollen,  and  that  a  consid- 
erable light  was  developed  by  the  attrition  of  glass  on  glass  in 
vacuo,  and  in  common  air,  or  under  water.  During  the  attri- 
tion of  glass  on  woollen  Hawksbee  ''observed  the  light  to 
break  from  the  agitated  glass  in  as  strange  a  farm  as  Hghtningy** 
particularly  when  he  used  some  list   of  cloth   that   had  been  I 

drenched  in  spirit  of  wine.  In  all  these  experiments  Hawks- 
bee  was  not  aware  that  the  light  which  he  observed  was  that  of 
electricity. 

Like  Sir  Isaac  Newton,  Hawksbee  used  a  glass  glo'be  capable 
of  revolving  in  a  wooden  frame,  and  by  its  assistance  he  made 
a  great  number  of  experiments,  which  are  not  suflficiently  im-  * 

portant  to  be  given  in  detail.     The  following  experiment,  how-  I 

ever,  is  too  interesting  to  be  omitted.     Having  coated  more  than  | 

one-half  of  the  inside  of  a  glass  globe  with  sealing  wax,  which  ■ 

in  some  places  was  an  eighth  of  an  inch  thick,  and  therefore  \ 

absolutely  opaque,  he  exhausted  it  and  put  it  in  motion.     When  I 

his  hand  was  applied  to  excite  it,  the  form  of  his  hand  was  r 

distinctly  seen  in  the  concave  surface  of  the  wax,  as  if  it  had  \ 

become  transparent.    The  same  result  was  obtained  when  pitch  ' 

or  common  brimstone  was  substituted  in  place  of  sealing-wax.  i 

We  have  already  seen  that  Hawksbee  observed  the  resemblance  I 

between  the  electric  spark  and  lightning.  Dr.  Wall  (a.  d.  1703) 
went  a  step  farther,  and  compared  the  crackling  and  the  flash  of 
excited  amber  to  thunder  and  lightning.  The  crackling  he 
found  to  be  fully  as  loud  as  that  of  charcoal  on  fire  when  the 
finger  was  held  at  a  little  distance  from  the  amber  after  it  had 
been  drawn  gently  and  slightly  through  a  piece  of  woollen  cloth. 

One  of  the  most  ardent  experimentalists  of  this  time  was 
Mr.  Stephen  Gray,  a  fellow  of  the  Royal  Society.  In  his  first 
paper,  which  was  published  in  1720,  he  showed  that  electricity 
could  be  excited  by  the  friction  of  feathers,  hair,  silk,  linen, 
woollen,  paper,  }eather,  wood,  parchment,  and  gold-beaters' 
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skin.  Several  of  these  bodies  exhibited  light  in  the  dark, 
especially  after  they  had  been  warmed ;  but  all  of  them  attracted 
light  bodies,  and  sometimes  at  the  distance  of  eight  or  ten 
inches. 

The  communication  of  electricity  to  bodies  not  capable  of 
excitation  was  the  next  discovery  of  Mr.  Gray.  An  ivory  ball, 
and  various  other  substances  of  a  metallic,  animal  and  vegetable 
nature,  were  made  to  attract  light  bodies  by  connecting  them 
with  strings,  wires,  or  pieces  of  wood,  with  one  extremity  of  an 
excited  glass  tube ;  and  by  suspending  pack-threads  of  different 
lengths  with  silken  threads,  he  was  able  to  transmit  the  electrical 
influence  in  any  direction  to  distances  of  50,  147,  293,  and 
finally  765  and  ZZd  feet. 

In  order  to  determine  if  the  electric  attraction  is  proportioned 
to  the  quantity  of  matter  in  bodies,  Mr.  Gray  and  Mr.  White 
made  two  cubes  of  oak  about  six  inches  square,  the  one  solid 
and  the  other  hollow.  When  suspended  by  hair  lines,  and  sim- 
ilarly electrified  by  an  excited  glass  tube,  both  the  cubes  attracted 
and  repelled  leaf  brass  at  the  same  time  and  to  the  same  height. 
Hence  Mr.  Gray  concluded  that  it  was  the  surface  of  the  cubes 
only  which  attracted. 

The  conducting  powers  of  fluids  and  of  the  human  body  were 
next  ascertained  by  Mr.  Gray.  Having  blown  a  soap  bubble 
with  an  electrified  tobacco  pipe,  he  found  that  the  lower  part  of 
the  bubble  attracted  small  pieces  of  Dutch  metal ;  and  when  a 
boy  eight  or  nine  years  old,  and  weighing  forty-seven  pounds, 
was  suspended  upon  hair  lines,  he  found  that  every  part  of  his 
body  exercised  a  strong  electrical  action  upon  light  bodies,  and 
hence  he  concluded  "  that  animals  receive  a  greater  quantity  of 
electrical  effluvia."  When  an  excited  tube  was  held  above  water 
or  quicksilver  placed  in  little  ivory  dishes,  the  fluid  was  at- 
tracted upwards  into  little  conical  mounds,  accompanied  with  a 
snapping  noise  and  a  discharge  of  light  from  their  summit.  In 
sunshine  small  particles  of  water  rose  from  the  top  of  the  fluid 
cone,  and  sometimes  a  fine  stream  of  water  like  a  fountain,  from 
which  there  arose  a  fine  steam  or  vapor.     Hot  water  was  at- 
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tracted  much  more  powerfully,  and  at  a  much  greater  distance, 
and  the  steam  was  more  distinctly  visible.  Mercury  did  not  rise 
so  high  as  the  water ;  but  the  snapping  noise  was  louder,  and 
continued  much  longer,  than  when  water  was  employed. 

Mr.  Gray  now  set  himself  to  discover  "  whether  there  might 
not  be  a  way  found  to  make  the  property  of  electrical  attraction 
more  permanent  in  bodies."  Having  procured  iron  ladles  of 
several  sizes,  he  melted  the  substances  given  in  the  following 
table.  They  were  then  set  by  in  the  ladle  to  cool  and  harden, 
and  afterwards  being  replaced  on  the  fire  so  as  to  allow  what  was 
next  the  bottom  and  sides  of  the  ladle  to  melt,  the  ladle  was  in- 
verted, and  the  substance  taken  out.  These  bodies  at  first  would 
not  attract  light  substances  till  their  temperature  was  nearly  that 
of  a  hen's  tgg ;  but  when  cold  they  attracted  ten  times  farther 
than  at  first.  In  order  to  preserve  these  bodies  in  a  state  of  at- 
traction, he  wrapped  them  up  in  flannel  or  white  paper  or  black 
worsted  stockings,  and  then  put  them  into  a  large  fir  box  till 
they  were  used.  The  following  is  Mr.  Gray's  list  of  electrics 
thus  formed : 


Names. 


Fine  black  rosin 

Stone  pitch  and  black  rosin 
Fine  rosin  and  bees*  wax . . 

Stone  pitch    

Stone  sulphur 

ShclMac 

Fine  black  rosin 

Bees'  wax  and  rosin 

Rosin  4,  gum-lac  I  part. . . . 

Sulphur 

Stone  pitch 

Black  rosin 

White  rosin 

Gum-lac 

Gum -lac  and  black  rosin. . . 
Gum-lac  4,  rosin  I  part. . . . 
Gum-lac,  fine  black  rosin. . . 
Cylinder  of  blue  sulphur. . . 

Large  cone  of  ditto .  / 

Cake  of  sulphur 


Weight 

Time  when 

Avoird. 

made. 

lbs.      ox. 

2      0 

Jan.  31. 

2      2 

Jan.  31. 

2       I 

Feb.    I. 

I      7 

Feb.    I. 

3      6 

Feb.  4. 

ID        0 

Feb.  10. 

ID        4 

Feb.  10. 

9      0 

Feb.  12. 

10      0 

Feb.  12. 

18     0 

Feb.  15. 

ID      12 

Feb.  16. 

23        0 

Feb.  23. 

7      12 

Feb.  25. 

II      14 

Feb.  26. 

9      12 

Feb.  26. 

.17      8 

Feb.  28. 

28        4 

March    2. 

19        4 

March  20. 

30        0 

March  29. 

II        4 

April  29. 
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Mr.  Gray  continued  for  thirty  days  to  observe  every  one  of 
these  bodies,  and  at  the  end  of  that  time  he  found  that  they  at- 
tracted as  vigorously  as  at  the  first  or  second  day,  and  some  of 
them  continued  to  preserve  their  attraction  for  more  than  four 
months. 

While  Mr.  Gray  was  pursuing  his  career  of  discovery  in  Eng- 
land, M.  Dufay,  of  the  Academy  of  Sciences  (a.  d.  1733),  and 
superintendent  of  the  Royal  Botanic  Gardens,  was  actively  em- 
ployed in  the  same  researches.  He  found  that  all  bodies, 
whether  solid  or  fluid,  could  be  electrified  by  an  excited  tube, 
by  setting  them  on  a  glass  stand  slightly  warmed,  or  only  dried  ; 
and  that  those  bodies  which  are  in  themselves  least  electrical 
received  the  greatest  degree  of  electricity  from  the  approach  of 
the  glass  tube.  He  found  that  electricity  was  transmitted  more 
easily  along  pack-thread  when  it  was  wetted,  and  that  it  might 
be  supported  upon  glass  tubes  in  place  of  silk* lines;  and  in  this 
way  he  conveyed  it  along  a  string  1,256  feet  long. 

M.  Dufay  repeated  Mr.  Gray's  experiments  on  the  human 
body  by  suspending  a  child  on  silken  strings ;  but  having  sus- 
pended himself  in  a  similar  manner,  he  discovered  that  an  elec- 
trical spark,  accompanied  with  a  crackling  noise,  took  place 
when  any  other  person  touched  him,  and  he  has  described  the 
prickling  sensation  like  the  burning  from  a  spark  of  fire,  which 
is  at  the  same  time  felt  either  through  the  clothes  or  on  the  skin. 
He  found  that  the  same  effects  took  place  in  other  living  ani- 
mals, but  that  if  the  carcass  of  an  animal  was  suspended,  there 
were  no  snappings  or  sparks,  but  merely  a  still,  uniform  light  ob- 
served in  the  dark. 

The  great  discovery  of  M.  Dufay,  however,  was  that  of  two 
different  kinds  of  electricity,  to  which  he  gave  the  names  of 
vitreous  and  resinous^  and  the  importance  of  which  he  did  not 
fail  to  recognize.  He  has  given  the  name  of  vitreous  electricity 
to  that  which  is  produced  by  exciting  glass^  rock  crystal,  pre- 
cious stones,  hair  of  animals,  wool,  and  many  other  bodies ;  and 
the  name  oi  resinous  to  that  which  is  produced  by  exciting  resin- 
ous bodies,  such  as  amber,  copal,  gum-lac,  silk,  paper,  thread. 
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and  ft  number  of  other  substances.  The  characteristic  of  those 
two  electricities  was,  that  a  body  with  vitreous  electricity  zitrdiCi^ 
all  bodies  with  resinous  electricity^  and  repelled  all  bodies  with 
vitreous  electricity;  while  a  body  with  resinous  electricity  attracted 
all  bodies  with  vitreous  electricity ^  and  repelled  all  bodies  with 
resinous  electricity.  Two  electrified  silk  threads,  for  example, 
repel  each  other,  and  also  two  electrified  woollen  threads ;  but 
an  electrified  silk  thread  will  attract  an  electrified  woollen 
thread.  Hence  it  is  easy  to  determine  whether  any  body  pos- 
sesses vitreous  or  resinous  electricity.  If  it  attracts  an  electri- 
fied silk  thread,  its  electricity  will  be  vitreous ;  if  it  refels  it,  it 
will  be  resinous.  This  important  discovery  seems  to  have  been 
made  about  the  same  time  by  Mr.  White  by  a  series  of  indepen- 
dent observations. 

Mr.  Gray  repeated  and  varied  the  experiments  of  M.  Dufay, 
and  made  many  new  ones,  which  our  limited  space  will  not 
permit  us  to  detail.  Like  Hawksbee  and  Dr.  Wall,  he  recog- 
nized the  similarity  between  the  phenomena  of  electricity  and 
those  of  thunder  and  lightning;  and  he  expresses  a  hope 
"  that  there  may  be  found  out  a  way  to  collect  a  greater  quan- 
tity of  electric  fire,  and  consequently  to  increase  the  force  of 
that  power,  which,  by  several  of  these  experiments,  si  licet 
magnis  componere  parva,  seems  to  be  ^  the  same  nature  with 
thunder  and  lightning,  *  * 

The  discoveries  which  we  have  now  recounted  began  to  rouse 
the  activity  of  the  German  and  Dutch  philosophers.  To  the 
electrical  machine  used  by  Newton  and  Hawksbee  Professor 
Boze,  of  Wittemberg,  added  the  prime  conductor,  which  at  first 
consisted  of  an  iron  or  tin  tube  supported  by  a  man  standing 
upon  cakes  of  resin ;  but  it  was  afterwards  suspended  by 
silken  strings.  Professor  Winkler,  of  Leipsic,  substituted  the 
cushion  in  place  of  the  hand  for  exciting  the  revolving  globe ; 
and  Professor  Gordon,  of  Erfurt,  a  Scotch  Benedictine  monk, 
first  used  a  glass  cylinder,  eight  inches  long  and  four  broad, 
which  he  caused  to  revolve  by  means  of  a  bow  and  string.  By 
these  means  electrical  sparks  of  great  size  and  intensity  were 
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produced,  and  by  their  aid  various  combustible  substances,  both 
fluid  and  solid,  were  inflamed.  In  1744  M.  Ludolph,  of  Berlin, 
succeeded  in  firing,  by  the  electrical  spark,  the  ethereal  spirit  of 
Frobenius.  Winkler  did  the  same  by  a  spark  from  his  finger ; 
and  he  succeeded  in  inflaming  French  brandy  and  other  weaker 
spirits  after  they  had  been  heated.  Mr.  Gordon  kindled  spirits 
by  a  jet  of  electrified  water.  Dr.  Miles  inflamed  phosphorus  by 
the  electric  spark ;  and  oil,  pitch  and  sealing-wax,  when  strongly 
heated,  were  set  on  Are  by  similar  means. 

These  striking  effects  were  all  produced  by  the  electricity  ob- 
tained immediately  from  an  excited  electric ;  but  a  great  step 
was  now  made  in  the  science  by  the  discovery  of  a  method  of 
accumulating  and  preserving  the  electric  fluid  in  large  quantities. 
The  author  of  this  great  invention  is  not  distinctly  known  ;  but 
there  is  reason  to  believe  that  a  monk  of  the  name  of  Kleist,  a 
person  of  the  name  of  Cuneus,  and  Professor  Muschenbroeck, 
of  Leyden,  had  each  the  merit  of  an  independent  inventor.  The 
invention  by  which  this  accumulation  was  effected  was  called  the 
Leyden  Jar  or  Phial^  because  it  was  principally  in  that  city 
where  it  was  either  invented  or  tried.  Having  observed  that 
excited  electrics  soon  lost  their  electricity  in  the  open  air.  and 
that  their  loss  was  accelerated  when  the  atmosphere  was  charged 
with  moisture  or  other  conducting  materials,  Muschenbroeck 
conceived  that  the  electricity  of  bodies  might  be  retained  by 
surrounding  them  with  bodies  which  did  not  conduct  it.  In 
putting  this  idea  to  the  test  of  experiment,  they  electrified  some 
water  in  a  glass  bottle,  and  a  communication  having  been  made 
between  the  water  and  the  prime  conductor,  while  the  bottle 
was  held  by  an  assistant,  who  was  trying  to  disengage  the  com- 
municating wire,  he  received  a  sudden  shock  in  his  arms  and 
breast,  and  thus  established  the  efficacy  of   the  Leyden    jar 

(1745)- 

Sir  William  Watson  made  some  important  experiments  at  this 
period  of  our  history.  He  succeeded  in  firing  gunpowder  by 
the  electric  spark ;  and  by  mixing  the  gunpowder  with  a  little 
camphor  he  discharged  a  musket  by  the  same  power.     He  also 
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fired  inflammable  air  by  the  electric  spark ;  and  he  kindled  both 
apirlts  of  wine  and  inflammable  air  by  means  of  a  drop  of  cold 
water)  litid  even  with  ice.  In  the  German  experiments  the  fluid 
or  solid  to  be  inflamed  was  set  on  fire  by  an  electrified  body ; 
but  Sir  William  Watson  placed  the  fluid  in  the  hands  of  an  elec- 
trified person,  and  set  it  on  fire  by  causing  a  person  not  electri- 
fied to  touch  it  with  his  finger. 

Sir  William  Watson  first  observed  the  flash  of  light  which  at- 
tends the  discharge  of  the  Leyden  phial,  and  it  is  to  him  that  we 
owe  the  present  improved  form  of  the  Leyden  phial,  in  which  it 
is  coated  bpth  without  and  within  with  tinfoil.  Dr.  Bevis  in- 
deed had  suggested  the  outside  coating,  and,  at  Mr.  Smeaton's 
recommendation,  he  coated  a  pane  of  glass  on  both  sides,  and 
within  an  inch  of  the  edge  with  tinfoil ;  but  still  the  idea  of 
coating  the  jar  undoubtedly  belongs  to  Sir  William  Watson. 

A  party  of  the  Royal  Society,  with  the  President  at  their 
head,  and  Sir  William  Watson  as  their  chief  operator,  entered 
upon  a  series  of  magnificent  experiments,  for  the  purpose  of  de- 
termining the  velocity  of  the  electric  fluid,  and  the  distance  to 
which  it  could  be  conveyed.  The  French  savans  had  conveyed 
the  influence  of  the  Leyden  jar  through  a  circuit  of  12,000  feet; 
and  in  one  case  the  basin  at  the  Tuileries,  containing  about  an 
acre  of  water,  formed  part  of  the  circuit ;  but  the  English  phi- 
losophers made  a  more  complete  series  of  experiments,  of  which 
the  following  were  the  results : 

1.  That  in  all  their  operations,  when  the  wires  have  been 
properly  conducted,  the  electrical  commotions  from  the  charged 
phial  have  been  very  considerable  only  when  the  observers  at 
the  extremities  of  the  wire  have  touched  some  substance  readily 
conducting  electricity  with  some  part  of  their  bodies. 

2.  That  the  electrical  commotion  is  always  felt  most  sensibly 
in  those  parts  of  the  bodies  of  the  observers  which  are  between 
the  conducting  wires  and  the  nearest  and  the  most  non-electric 
substance;  or,  in  other  words,  so  much  of  their  bodies  as  comes 
within  the  electrical  circuit. 

3.  That  on  these  considerations  we  infer  that  the  electrical 
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power  is  conducted  between  these  observers  by  any  non-electric 
substances  which  happen  to  be  situated  between  them  and  con- 
tribute to  form  the  electrical  circuit.  • 

4.  That  the  electrical  commotion  has  been  perceptible  to  two 
or  more  observers  at  considerable  distances  from  each  other, 
even  as  far  as  two  miles. 

5.  That  when  the  observers  have  been  shocked  at  the  end  of 
two  miles  of  wire,  we  infer  that  the  electrical  circuit  is  four 
miles,  viz. :  two  miles  of  wire,  and  the  space  of  two  miles  of 
the  non-electric  matter  between  the  observers,  whether  it  be 
water,  earth,  or  both. 

6.  That  the  electrical  commotion  is  equally  strong,  whether  it 
is  conducted  by  water  or  dry  ground. 

7.  That  if  the  wires  between  the  electrifying  machine  and  the 
observers  are  conducted  on  dry  sticks,  or  other  substances  non- 
electric in  a  slight  degree  only,  the  effects  of  the  electrical  power 
are  much  greater  than  when  the  wires  in  their  progress  touch  the 
ground,  or  moist  vegetables,  or  other  substances  in  a  great  de- 
gree non-electric. 

8.  That  by  comparing  the  respective  velocities  of  electricity 
and  sound,  that  of  electricity,  in  any  of  the  distances  yet  experi- 
enced, is  nearly  instantaneous. 

In  the  following  year  these  experiments  were  resumed  with  the 
view  of  ascertaining  the  absolute  velocity  of  electricity  at  a  cer- 
tain distance,  and  it  was  found  ''  that  through  the  whole  length 
of  a  wire  12,276  feet  the  velocity  of  electricity  was  instanta- 
neous." 

One  of  the  most  important  discoveries  of  the  present  period 
was  that  of  Sir  William  Watson,  who  proved  "  that  the  glass 
tubes  and  globes  had  not  the  electrical  power  in  themselves,  but 
only  served  as  the  first  movers  or  determiners  of  that  power.** 
Kn  rubbing  a  glass  tube  while  standing  upon  a  cake  of  wax  he 
was  surprised  to  observe  that  no  spark  could  be  obtained  from 
iiis  body  by  any  other  person  touching  any  part  of  him.  But  if 
A  person  not  electrified  held  his  hand  near  the  tube  while  it  was 
rubbing,  the  snapping  was  very  sensible.     The  great  discovery 
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oi  plus  and  minus  electricity  which  was  afterwards  made  by 
Franklin  was  distinctly  announced  by  Sir  William  Watson.  He 
lays  it  down  as  a  law.  that  in  electrical  operations  there  is  an 
afflux  of  electric  fluid  ro  the  globe  and  the  conductor,  and  also 
an  efflux  of  the  same  matter  from  them.  In  the  case  of  two  in- 
sulated persons,  the  one  in  contact  with  the  rubber  and  the  other 
with  the  conductor,  he  observed  that  either  of  them  would  com- 
municate a  much  stronger  spark  to  the  other  than  to  any  bystander. 
The  electricity  of  the  one^  he  says,  became  more  rare  than  it  is  nat- 
urally y  and  that  of  the  other  more  dense,  so  that  the  density  of 
the  electricity  in  the  two  insulated  persons  differed  more  than 
that  between  either  of  them  and  a  bystander. 

Our  limits  will  not  permit  us  to  give  a  detailed  account  of  the 
various  ingenious  experiments  which  were  about  this  time  made 
by  Le  Monnier,  Nollet,  Winckler,  Ellicott,  Jallabert,  Boze, 
Menon,  Smeaton  and  Miles.  In  1746  Le  Monnier  confirmed 
the  result  previously  obtained  by  Mr.  Gray,  that  electricity  is 
communicated  to  homogeneous  bodies  in  proportion  to  their  sur- 
faces only.  M.  Boze  discovered  that  capillary  tubes  which  dis- 
charged water  by  drops  afforded  a  continued  stream  when  electri- 
fied. The  Abb6  Nollet  ascertained  that  electricity  increases  the 
natural  evaporation  of  fluids,  and  that  the  evaporation  is  hastened 
by  placing  them  in  non-electric  vessels.  M.  Jallabert  confirmed 
the  result  previously  obtained  by  Watson,  that  electricity  passes 
through  the  substance  of  a  conducting  wire,  and  not  along  its 
surface.  Smeaton  found  that  the  red-hot  part  of  an  iron  bar 
could  be  as  strongly  electrified  as  the  cold  parts  on  each  side  of  it. 
Dr.  Miles  kindled  common  lamp  spirits  by  a  stick  of  black  seal- 
ing-wax excited  by  dry  flannel.  Mr.  Ellicott  conceived  that 
the  particles  of  the  electric  fluid  repel  each  other,  while  they 
attract  those  of  all  other  bodies.  Mr.  Mowbray  discovered  that 
the  vegetation  of  two  myrtles  was  hastened  by  electrifying  them ; 
a  result  which  Nollet  confirmed  in  the  case  of  vegetating  seeds. 
The  Abb6  Menon  found  that  cats,  pigeons,  sparrows  and  chaf- 
finches lost  weight  by  being  electrified  for  five  or  six  hours,  and 
that  the  same  result  was  true  of  the  human  body ;  and  hence  it 
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was  concluded  that  electricity  augments  the  insensible  perspira- 
tion of  animals. 

Passing  over  the  scientific  fables  of  Johi^ivati,  of  Venice,  we 
arrive  at  the  auspicious  periotl  when  Dr.  Franklin  raised  electric- 
ity to  the  dignity  of  a  science,  1747,  and  connected  it  with  that 
tremendous  agency  which  had  so  often  terrified  the  moral  and 
convulsed  the  physical  world.  The  thunderbolt  had  frequently 
descended  from  heaven  upon  its  victims  \  but  mortal  genius  had 
now  learned  to  bring  it  down  in  chains,  to  disarm  its  fury^  and 
to  convert  it  into  an  useful  and  even  friendly  element. 

One  of  the  first  laboiB  of  the  American  philosopher  was  to  pre- 
sent, in  a  more  distinct  form,  the  theory  of  plus  and  minus  elec- 
tricity, which  Sir  W.  Watson  had  been  the  first  to  suggest.  He 
showed  that  electricity  is  not  created  by  friction,  but  merely 
collected  from  its  state  of  diffusion  through  other  matter  by 
which  it  is  attracted.  He  asserted  that  the  glass  globe,  when 
rubbed,  attracted  the  electrical  fire,  and  took  it  from  the  rubber, 
the  same  globe  being  disposed,  when  the  friction  ceases,  to  give 
out  its  electricity  to  any  body  which  has  less.  In  the  case  of 
the  charged  Leyden  jar,  the  inner  coating  of  tinfoil  had  received 
more  than  its  ordinary  quantity  of  electricity,  and  was  therefore 
electrified  positively  or  plus^  while  the  outer  coating  of  tinfoil 
having  had  its  ordinary  quantity  of  electricity  diminished,  was 
electrified  negatively  or  minus.  Hence  the  cause  of  the  shock 
and  spark  when  the  jar  is  discharged,  or  when  the  superabundant 
plus  electricity  of  the  inside  is  transferred  by  a  conducting  body 
to  the  defective  or  minus  electricity  of  the  outside.  This  theory 
of  the  Leyden  phial  Franklin  established  in  the  clearest  manner, 
by  showing  that  the  outside  and  the  inside  coating  possessed 
opposite  electricities,  and  that,  in  charging  it,  exactly  as  much 
electricity  is  added  on  one  side  as  is  subtracted  from  the  other. 
The  copious  discharge  of  electricity  by  points  was  observed  by 
Franklin  in  his  earliest  experiments,  and  also  the  power  of  points 
to  conduct  it  copiously  from  an  electrified  body.  Hence  he  was 
furnished  with  a  simple  method  of  collecting  electricity  froro 
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^  other  bodies ;  and  he  was  thus  enabled  to  perform  those  remark- 
able experiments  which  we  shall  now  proceed  to  explain. 

Hawksbee,  Wall  and  Nollet  had  successively  suggested  the 
similarity  between  lightning  and  the  electric  spark,  and  between 
the  artificial  snap  and  the  natural  thunder.  Previous  to  the  year 
1750  Dr.  Franklin  drew  up  a  statement,  in  which  he  showed  that 
all  the  general  phenomena  and  effects  which  were  produced  by 
electricity  had  their  counterpart  in  lightning.  Like  the  electric 
spark,  lightning  moves  in  a  crooked  and  irregular  direction. 
Lightning  strikes  the  highest  and  most  pointed  bodies,  and  elec- 
tricity does  the  same.  They  both  inflame  combustibles,  fuse 
metals,  destroy  animal  life,  produce  blindness  in  animals,  render 
common  sewing  needles  magnetic,  and  reverse  the  polarity  of 
needles  that  have  been  magnetized.  Notwithstanding  these 
points  of  resemblance,  direct  experiment  was  still  necessary  to 
establish  his  views.  He  waited  anxiously  for  the  erection  of  a 
spire  at  Philadelphia,  by  means  of  which  he  might  bring  down 
the  electricity  of  a  thunder-storm ;  but  his  patience  being  ex- 
hausted, he  conceived  the  idea  of  sending  up  a  kite  among  the 
clouds  themselves.  With  this  view  he  made  a  small  cross  of  two 
light  strips  of  cedar,  the  arms  being  sufficiently  long  to  reach  to 
the  four  corners  of  a  large  thin  silk  handkerchief  when  extended. 
The  corners  of  the  handkerchief  were  tied  to  the  extremities  of 
the  cross,  and  when  the  body  of  the  kite  was  thus  formed,  a  tail, 
loop,  and  string  were  added  to  it.  The  body  was  made  of  silk 
to  enable  it  to  bear  the  violence  and  wet  of  a  thunder-storm.  A 
very  sharp  pointed  wire  was  fixed  at  the  top  of  the  upright  stick 
of  the  cross,  so  as  to  rise  a  foot  or  more  above  the  wood.  A 
silk  riband  was  tied  to  the  end  of  the  twine  next  the  hand,  and 
a  key  suspended  at  the  junction  of  the  twine  and  silk.  In  com- 
pany with  his  son,  Franklin  raised  the  kite  like  a  common  one, 
in  the  first  thunder  storm,  which  happened  in  the  month  of  June, 
1752.  To  keep  the  silk  riband  dry,  he  stood  within  a  door, 
taking  care  that  the  twine  did  not  touch  the  frame  of  the  door; 
and  when  the  thunder-clouds  came  over  the  kite  he  watched  the 
state  of  the  string.     A  cloud  passed  without  any  electrical  indi- 
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cations,  and  he  began  to  despair  of  success.  He  saw,  however, 
the  loose  filaments  of  the  twine  standing  out  every  way,  and  he 
found  them  to  be  attracted  by  the  approach  of  his  finger.  The 
suspended  key  gave  a  spark  on  the  application  of  his  knuckle, 
and  when  the  string  had  become  wet  with  the  rain,  the  electric- 
ity became  abundant ;  a  Leyden  jar  was  charged  at  the  key,  and 
by  the  electric  fire  thus  obtained  spirits  were  inflamed,  and  all 
the  other  electrical  experiments  performed  which  had  been 
formerly  made  by  excited  electrics.  In  subsequent  trials  with 
another  apparatus,  he  found  that  the  clouds  were  sometimes 
positively  and  sometimes  negatively  electrified,  and  thus  demon- 
strated the  perfect  identity  of  lightning  and  electricity. 

Having  thus  succeeeded  in  drawing  the  electric  fire  from  the 
clouds,  Franklin  immediately  conceived  the  idea  of  protecting 
buildings  from  lightning  by  erecting  on  their  highest  parts 
pointed  iron  wires  or  conductors  communicating  with  the 
ground.  The  electricity  of  a  hovering  or  a  passing  cloud  would 
thus  be  carried  off  slowly  and  silently ;  and  if  the  cloud  was 
highly  charged,  the  electric  fire  would  strike  in  preference  the 
elevated  conductors. 

The  attention  of  European  philosophers  was  now  directed  to 
the  great  discovery  of  Franklin,  and  various  individuals  fearlessly 
sought  to  repeat  his  experiments.  Among  these  Professor  Rich- 
man  of  St.  Petersburg  was  one  of  the  most  enterprising.  He 
had  undertaken  a  series  of  experiments  on  the  electricity  of  the 
atmosphere,  and  for  this  purpose  he  had  erected  an  electrical 
gnomon,  which  consisted  mainly  of  a  Leyden  jar,  communicat- 
ing with  an  iron  rod,  which  rose  four  or  five  feet  above  the  roof 
of  his  house,  and  an  electrometer  formed  of  a  linen  thread  with 
half  a  grain  of  lead,  the  angular  ascent  of  which  on  the  face  of  a 
divided  quadrant  indicated  the  force  of  the  accumulated  elec- 
tricity. On  the  9th  of  August,  1752,  Professor  Richman  ob- 
tained from  the  end  of  the  rod  electrical  flashes  which  could  be 
heard  at  several  feet  of  distance ;  and  if  any  person  touched  the 
apparatus,  a  sharp  stroke  was  felt  in  the  hand  and  arm.  On  the 
31st  of  May,  1753,  ^^  electric  fire  exploded  from  the  apparatus 
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with  such  a  force  that  it  was  heard  at  the  distance  of  three  rooms 
from  the  apparatus.  On  the  6th  of  August,  1753,  the  professor 
had  prepared  an!l  adjusted  his  apparatus,  and  having  heard  the 
sound  of  distant  thunder,  he  left  a  meeting  of  the  Academy  of 
Sciences  and  took  with  him  his  engineer,  Mr.  Sokolow,  to  draw 
any  interesting  phenomena  that  might  occur.  On  their  arrival 
at  the  professor's  house,  the  plummet  of  the  electrometer  was 
elevated  four  degrees  from  the  perpendicular;  and  while  the 
philosopher  was  describing  to  his  friend  the  dangerous  conse- 
quences that  might  take  place  if  the  thread  should  rise  to  45**,  a 
tremendous  burst  of  thunder  terrified  the  imperial  city.  Rich- 
man  leant  ftis  head  over  the  gnomon  to  observe  the  indications 
of  the  electrometer,  and  in  this  stooping  position,  with  his  head 
a  foot  from  the  iron  rod,  a  huge  globe  of  bluish-white  fire,  about 
the  size  of  Mr.  Sokolow's  fist,  shot  from  the  iron  rod  to  the  pro- 
fessor's head,  with  a  report  like  that  of  a  pistol.  The  blow  was 
fatal ;  he  fell  back  upon  a  chest  and  instantly  expired.  Sokolow 
was  stupefied  and  benumbed  by  assort  of  steam  or  vapor,  and 
the  red-hot  fragments  of  a  metallic  wire  struck  his  clothes  and 
covered  them  with  burnt  marks.  As  soon  as  he  recovered  from 
his  surprise  Sokolow  ran  out  of  the  house,  acquainting  every  per- 
son with  the  accident  which  had  taken  place.  In  the  meantime 
Madam  Richman,  alarmed  by  the  thunder-sUoke,  hastened  to 
the  chamber,  and  found  her  husband  apparently  lifeless,  in  the 
attitude  of  sitting  upon  the  chest,  and  leaning  against  the  wall. 
Medical  aid  was  instantly  obtained,  but  though  a  vein  was 
opened,  from  which  no  blood  would  flow,  and  though  every  at- 
tempt was  made  to  restore  life  by  violent  friction  and  other 
means,  they  were  all  fruitless.  A  small  quantity  of  blood 
dropped  from  the  mouth  when  the  body  was  turned,  and  on  the 
forehead  there  was  a  red  spot,  from  the  pores  of  which  a  few 
droits  of  blood  oozed  out.  Several  red  and  blue  spots,  like 
leather  shrunk  by  burning,  were  found  on  the  left  side,  the  back 
and  other  parts  of  the  body.  The  shoe  upon  the  professor's  left 
foot  was  burst  open,  and  a  blue  mark  appeared  on  the  foot  be- . 
neath  the  aperture.     There  was  no  corresponding  hole  in  the 
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stocking,  and  the  coat  was  uninjured.  When  the  body  was 
opened,  twenty-four  hours  after  death,  there  was  no  appearance 
of  injury  either  in  the  brain  or  the  cranium :  a  Itttle  extravasated 
blood  appeared  in  the  cavities  below  the  lungs,  and  in  the  lungs 
towards  the  back,  which  were  of  a  dark  brown  color.  The  heart, 
glands  and  smaller  intestines  were  all  inflamed ;  but  the  entrails 
were  uninjured.  About  seventy  rubles  of  silver  which  were  in 
the  left  coat  pocket  were  not  altered  by  the  electric  fluid.  Im- 
mediately after  the  accident  the  house  was  filled  with  a  sulphu- 
reous vapor.  A  clock  which  stood  in  .the  corner  of  the  adjoin- 
ing room  was  stopped ;  the  ashes  from  the  hearth  were  scattered 
about  the  room ;  the  door-case  of  the  room  was  rent  asunder, 
and  a  piece  of  the  door  itself  actually  torn  off.  The  Leyden  jar 
was  also  broken,  and  the  metallic  filings  which  it  contained 
thrown  about  the  room. 

One  of  the  most  active  and  ingenious  Uborers  in  the  field  of 
electrical  science  was  the  ingenious  Mr.  John  Canton  (1753). 
Before  his  time  it  had  been  assumed  as  indisputable  that  the 
same  kind  of  electricity  was  invariably  produced  by  the  friction 
of  the  same  electric ;  that  glass,  for  example,  yielded  always 
viireouSy  and  amber  always  resinous  electricity.  Having  rough- 
ened a  glass  tube  by  grinding  its  surface  with  emery  and  sheet 
lead,  he  found  that  it  possessed  vitreous  or  positive  electricity 
when  excited  with  oiled  silk,  but  resinous  electricity  when  excited 
with  new  flannel.  He  found,  in  short,  that  vitreous  or  resinous 
electricity  may  be  developed  at  will  in  the  same  tube,  by  alter- 
ing the  surfaces  of  the  tube  and  the  exciting  rubber,  and  accord- 
ing as  the  one  or  the  other  is  most  affected  by  their  mutual 
friction.  This  he  illustrated  by  the  very  beautiful  experiment  of 
removing  the  polish  from  one-half  of  the  tube.  In  this  case  the 
different  electricities  were  excited  with  the  same  rubber  at  a 
single  stroke,  and,  what  is  very  curious,  the  rubber  was  found  to 
move  much  easier  over  the  rough  than  over  the  polished  half. 

Mr.  Canton  likewise  discovered  that  glass,  amber,  sealing-wax 
and  calcareous  spar  were  all  electrified  positively  when  taken  out 
of  mercury ;  and  hence  he  was  led  to  the  important  practical 
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discovery,  that  an  amalgam  of  mercury  and  tin  was  most  effica- 
cious in  exciting  glass  when  applied  to  the  surface  of  the  rubber. 
Mr.  Canton  found  also  that  any  body  placed  within  the  electric 
atmosphere  of  another  body  acquired  the  electricity  opposite  to 
that  of  the  body  in  whose  atmosphere  it  was  placed,  and  that  the 
whole  air  of  a  room  could  be  electrified  either  positively  or  neg- 
atively, and  made  to  retain  it  for  a  considerable  time. 

Signor  Beccaria  (1753),  a  celebrated  Italian,  kept  up  the  spirit 
of  electrical  discovery  in  Italy ;  and  in  his  work  on  natural  and 
artificial  electricity  he  has  given  us  the  results  of  many  impor- 
tant original  investigations.  He  showed  that  water  is  a  very 
imperfect  conductor  of  electricity,  that  its  conducting  power  is 
proportional  to  its  quantity,  and  that  a  small  quantity  of  water 
opposes  a  powerful  resistance  to  the  electric  fluid.  He  succeeded 
in  making  the  electric  spark  visible  in  water,  by  discharging 
shocks  through  wires  that  nearly  met  in  tubes  filled  with  water. 
In  this  experiment  the  tubes,  though  sometimes  eight  or  ten  lines 
thick,  were  burst  in  pieces.  Beccaria  likewise  demonstrated  that 
air  adjacent  to  an  electrified  body  gradually  acquired  the  same 
electricity;  that  the  electricity  of  the  body  is  diminished  by 
that  of  the  air ;  and  that  the  air  parts  with  its  electricity  very 
slowly.  He  considered  that  there  was  a  mutual  repulsion  be- 
tween the  particles  of  the  electric  fluid  and  those  of  air,  and  that 
in  the  passage  of  the  former  through  the  latter  a  temporary  vac- 
uum was  formed. 

The  science  of  electricity  owes  several  practical  as  well  as  the- 
oretical observations  to  Mr.  Robert  Symmer  (1759).  In  pulling 
off"  his  stockings  in  the  evening  Mr.  Symmer  had  often  remarked 
that  they  not  only  gave  a  crackling  noise,  but  even  emitted 
sparks  in  the  dark.  The  electricity  was  most  powerful  when  a 
silk  and  a  worsted  stocking  had  been  worn  on  the  same  leg,  and 
it  was  best  exhibited  by  putting  the  hand  between  the  leg  and 
the  stockings,  and  pulling  them  off  together.  The  one  stocking 
being  then  drawn  out  of  the  other,  they  appeared  more  or  less 
inflated,  and  exhibited  the  attractions  and  repulsions  of  electri- 
fied bodies.     Mr.  Symmer's  first  trials  were  accidentally  made 
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with  black  silk  stockings,  but  he  was  surprised  to  find  that  white 
ones  produced  no  electricity.  Two  white  silk  stockings,  or  two 
black  ones,  when  put  on  the  same  leg  and  taken  ofT,  gave  no 
electrical  indications.  When  a  black  and  a  white  stocking  were 
put  on  the  same  leg,  and  at  the  end  of  ten  minutes  taken  off, 
they  were  so  much  inflated  when  pulled  asunder,  that  each  of  them 
showed  the  entire  shape  of  the  leg,  and  at  the  distance  of  afoot  and 
a  half  they  rushed  to  meet  each  other.  With  worsted  stockings, 
also,  nothing  but  the  combination  of  black  and  white  produced 
electricity.  As  it  was  troublesome  to  electrify  the  stockings  by 
putting  them  on  and  taking  them  off  the  leg,  Mr.  Symmer  ex- 
cited the  stockings  by  drawing  them  on  the  hand,  which,  how- 
ever, produced  a  weaker  degree  of  electricity.  The  electricity 
was  in  this  case  more  permanent,  and  the  effects  were  more  pow- 
erful when  the  stockings  were  new  or  newly  washed.  When  an 
excited  white  and  black  stocking  are  presented  to  each  other, 
they  attract  one  another,  inclining  to  each  other  at  the  distance 
of  three  feet,  and  at  a  less  distance  rushing  together  with  sur- 
prising violence,  becoming  as  flat  as  so  many  folds  of  silk  when 
they  are  joined.  **  But  what  appears  most  extraordinary  is,  that 
when  they  are  separated,  and  removed  at  a  sufficient  distance 
from  each  other,  their  electricity  does  not  appear  to  have  been 
in  the  least  impaired  by  the  shock  they  had  in  meeting.  They 
are  again  inflated,  again  attract  and  repel,  and  are  as  ready  to 
rush  together  as  before.  When  this  experiment  is  performed 
with  two  black  stockings  in  one  hand  and  two  white  in  the 
other,  it  exhibits  a  very  curious  spectacle ;  the  repulsion  of  those 
of  the  same  color,  and  the  attraction  of  those  of  different  colors, 
throws  them  into  an  agitation  that  is  not  unentertaining,  and 
makes  them  catch  each  at  that  of  its  opposite  color,  at  a  greater 
distance  than  one  would  expect.  When  allowed  to  come  to- 
gether they  all  unite  in  one  mass.  When  separated  they  re- 
sume their  former  appearance,  and  admit  of  the  repetition  of  the 
experiment  as  often  as  you  please,  till  their  electricity,  gradu- 
ally wasting,  stands  in  need  of  being  recruited." 
In  the  course  of  these  experiments  Mr.  Symmer  accidentally 
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threw  a  stocking  out  of  his  hands,  and  some  time  afterwards  he 
found  it  sticking  to  the  paper-hangings  of  the  room.  They  stuck 
also  to  the  painted  panelling,  and  often  continued  for  a  whole 
hour  suspended  upon  the  hangings. 

Mr.  Symmer's  attention  was  next  directed  to  the  force  of  co- 
hesion between  stockings  of  black  and  white  silk,  and  he  found 
that  from  ten  ounces  to  nine  pounds  weight  was  necessary  to 
separate  the  stockings,  according  to  their  weight,  or  according 
as  the  rough  or  smooth  surfaces  were  in  contact. 

Mr.  Symmer  likewise  found  that  a  Leyden  jar  could  be  charged 
by  the  stockings  either  positively  or  negatively,  according  as  the 
wire  from  the  neck  of  the  jar  was  presented  to  the  ^lack  or  white 
stockings.  When  the  electricity  of  the  white  stocking  was 
thrown  into  the  jar,  and  on  that  the  electricity  of  the.  black  one, 
or  vice  versa,  the  jar  will  not  be  electrified  at  all.  With  the 
electricity  of  two  stockings  he  charged  the  jar  to  such  a  degree 
that  the  shock  from  it  reached  both  his  elbows ;  and  by  means 
of  the  electricity  of  four  silk  stockings  he  kindled  spirits  of  wine 
in  a  teaspoon  which  he  held  in  his  hand,  and  the  shock  was  at 
the  same  time  felt  from  the  elbows  to  the  breast.  Independent 
of  these  curious  experiments,  Mr.  Symmer  had  the  merit  of  hav- 
ing first  maintained  the  theory  of  two  distinct  fluids,  not  inde- 
pendent of  each  other,  as  Dufay  supposed  them  to  be,  but  co- 
existent, and,  by  counteracting  each  other,  producing  all  the 
phenomena  of  electricity.  He  conceived  that  when  a  body  is 
said  to  \)t  positively  electrified,  it  is  not  simply  that  it  is  possessed 
of  a  larger  share  of  electric  matter  than  in  a  natural  state ;  nor, 
when  it  is  said  to  be  negatively  electrified^  of  a  less ;  but  that,  in 
the  former  case,  it  is  possessed  of  a  larger  portion  of  one  of  these 
active  powers,  and  in  the  latter,  of  a  larger  portion  of  the  other; 
while  a  body,  in  its  natural  state,  remains  unelectrified,  from  an 
equal  balance  of  these  two  powers  within  it. 

Contemporary  with  Symmer  were  Delaval,  Wilson,  Cigna, 
Kinnersley,  and  Wilcke,  M.  Delaval  found  that  the  sides  of 
vessels  that  were  perfect  conductors  were  non-conductors,  and 
that  animal  and  vegetable  bodies  lost  their  conducting  power 
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when  reduced  to  ashes.  Mr.  Wilson  discovered  that  when  two 
electrics  are  rubbed  together,  the  harder  of  the  two  is  generally 
electrified  positively  and  the  other  negatively,  but  always  with 
opposite  electricities.  Cigna  made  many  curious  experiments 
by  using  silk  ribands  in  place  of  the  silk  stockings  of  Symmer. 
Kinnersley,  the  friend  of  Franklin,  made  some  important  ex- 
periments on  the  elongation  and  fusion  of  iron  wires,  when  a 
strong  charge  was  passed  through  them  in  a  state  of  tension ;  and 
Wilcke  brought  to  light  many  new.  phenomena  respecting  the 
spontaneous  electricity  produced  by  the  melting  of  electric  sub- 
stances. 

The  pyro-electricity  of  minerals,  or  the  faculty  possessed  by 
some  minerals  of  becoming  electric  by  heat,  and  of  exhibiting 
negative  and  positive  poles,  now  began  to  attract  the  notice  of 
philosophers.  There  is  reason  to  believe  that  the  lyncuHum  of 
the  ancients,  which,  according  to  Theophrastus,  attracted  light 
bodies,  was  the  tourmaline^  a  Ceylon  mineral,  in  which  the 
Dutch  had  early  recognized  the  same  attractive  property,  whence 
it  got  the  name  of  Aschentrikker,  or  attracter  of  ashes.  In  171 7 
M.  I^emery  exhibited  to  the  Academy  of  Sciences  a  stone  from 
Ceylon  which  attracted  light  bodies ;  and  Linnaeus,  in  mention- 
ing the  experiments  of  Lemery,  gives  the  stone  the  name  of 
Lapis  Electricus.  The  Duke  de  Noya  had  heard  at  Naples  that 
Count  Pichetti  had  seen  at  Constantinople  a  stone  called  tourma- 
Une^  which  attracted  and  repelled  light  bodies;  and  in  1758  he 
purchased  some  of  them  in  Holland,  and,  assisted  by  MM.  Dau- 
benton  and  Adanson,  he  made  a  series  of  experiments  with  them, 
which  were  published  separately. 

This  curious  subject,  however,  had  engaged  the  attention  of 
M.  iEpinus,  a  celebrated  German  philosopher,  who  published  an 
iccount  of  them  in  1756.  Hitherto  nothing  had  been  said  re- 
specting the  necessity  of  heat  to  excite  the  tourmaline ;  but  it  was 
shown  by  iEpinus  that  a  temperature  between  99^^^  and  212**  of 
Pahrenh^t  was  requisite  for  the  development  of  its  attractive 
powers.  Mr.  Benjamin  Wilson,  Priestley,  and  Canton  continued 
the  investigation;  but  it  was  reserved  for  the  Abb^  Haiiy  to 
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throw  much  light  on  this  curious  branch  of  the  science.  He 
found  that  the  electricity  of  the  tourmaline  decreased  rapidly 
from  the  summits  or  poles  towards  the  middle  of  the  crystal, 
where  it  was  imperceptible ;  and  he  discovered  that  if  a  tourma- 
line is  broken  into  any  number  of  fragments,  when  excited,  each 
fragment  has  two  opposite  poles.  Hauy  discovered  the  same 
property  in  the  Siberian  and  Brazilian  topaz,  borate  of  magnesia, 
mesotype,  prehnite,  sphene,  and  calamine.  He  also  found  that 
the  polarity  which  minerals  receive  from  heat  has  a  relation  to 
the  secondary  forms  of  their  crystals,  the  tourmaline,  for  example, 
having  its  resinous  pole  at  the  summit  of  the  crystal  which  has 
three  faces,  and  its  vitreous  pole  at  the  summit  which  has  six 
faces.  In  the  other  p3nro-electrical  crystals  above-mentioned, 
Haiiy  has  detected  the  same  deviation  from  the  rules  of  sym- 
metry in  their  secondary  crystals  which  occurs  in  tourmaline. 
Mr.  Brard  discovered  that  pyro-electricity  was  a  property  of  the 
axinite;  and  more  recently  Sir  David  Brewster  detected  it,  as 
we  shall  afterwards  see,  in  a  variety  of  other  minerals. 

In  repeating  and  extending  the  experiments  of  Hauy,  Sir 
David  Brewster  discovered  that  various  artificial  salts  were  pyro- 
electrical ;  and  \^  mentions  the  tartrate  of  potash  and  soda,  and 
the  tartaric  acid,  as  exhibiting  this  property  in  a  very  strong  de- 
gree. He  likewise  made  many  experiments  with  the  tourmaline 
when  cut  into  thin  slices,  and  reduced  to  the  finest  powder,  in 
which  state  each  atom  preserved  its  pyro-electricity ;  and  he  has 
shown  that  scolezite  and  mesolite,  even  when  deprived  of  their 
water  of  crystallization,  and  reduced  to  powder,  preserve  their 
property  of  becoming  electrical  by  heat.  When  this  white  i)ow- 
der  is  heated  and  stirred  about  by  any  substance  whatever,  it 
collects  in  masses  like  new-fallen  snow,  and  adheres  to  the  body 
with  which  it  is  stirred. 

In  addition  to  his  experiments  on  the  tourmaline,  jiEpinus 
made  several  on  the  electricity  of  melted  sulphur ;  and,  in  con- 
junction with  Wilcke,  he  investigated  the  subject  olf  electric 
atmospheres,  and  discovered  a  beautiful  method  of  charging  a 
plate  of  air  by  suspending  large  wooden  boards  coated  with  tin, 
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and  having  their  surfaces  near  each  other,  and  parallel.  iEpinus, 
however,  has  been  principally  distinguished  by  his  ingenious 
theory  of  electricity,  which  he  has  explained  and  illustrated  in  a 
separate  work  which  appeared  at  St.  Petersburg  in  1759.  This 
theory  is  founded  on  the  following  principles:  i.  The  particles 
of  the  electric  fluid  repel  each  other  with  a  force  decreasing  as 
the  distance  increases.  2.  The  particles  of  the  electric  fluid  at- 
tract the  particles  of  all  bodies,  and  are  attracted  by  them,  with 
a  force  obeying  the  same  law.  3.  The  electric  fluid  exists  in  the 
pores  of  bodies;  and  while  it  moves  without  any  obstruction  in 
non-electrics,  such  as  metals,  water,  etc.,  it  moves  with  extreme 
difficulty  in  electrics,  such  as  glass,  rosin,  etc.  4.  Electrical 
phenomena  are  produced,  either  by  the  transference  of  the  fluid 
from  a  body  containing  more  to  another  containing  less  of  it,  or 
from  its  attraction  and  repulsion  when  no  transference  takes  place. 
The  electricity  of  fishes,  like  that  of  minerals,  now  began  to 
excite  very  general  attention.  The  ancients,  as  we  have  seen, 
were  acquainted  with  the  benumbing  power  of  the  torpedo,  but 
it  was  not  till  1676  that  modern  naturalists  attended  to  this  re- 
markable property.  The  Arabians  had  Tong  before  given  this 
fish  the  name  of  raad  or  lightning ;  but  Redi  was  the  first  who 
communicated  the  fact  that  the  shock  was  conveyed  to  the  fisher- 
man by  means  of  the  line  and  rod  which  connected  him  with  the 
fish.  Lorenzini  published  engravings  of  its  electrical  organs; 
Reaumur  described  the  electrical  properties  of  the  fish ;  Kaempfer 
compared  the  effects  which  it  produced  to  lightning ;  but  Ban- 
croft was  the  first  person  who  distinctly  suspected  that  the  effects 
of  the  torpedo  were  electrical.  In  1773  Mr,  Walsh  and  Dr. 
Ingenhouz  proved,  by  many  curious  experiments,  that  the  shock 
of  the  torpedo  was  an  electrical  one ;  and  Dr.  Hunter  examined 
and  described  the  anatomical  structure  of  its  electrical  organs. 
Humboldt,  Gay  Lussac,  and  M.  Geoff'roy  pursued  the  subject 
with  success;  and  Mr.  Cavendish  constructed  an  artificial  tor- 
pedo, by  which  he  was  able  to  produce  artificially  the  actions  of 
the  living  animal.  The  subject  was  more  recently  investigated 
by  Dr.  Todd,  Sir  Humphry  Davy,  and  Dr.  John  Davy. 
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The  power  of  giving  electric  shocks  has  been  discovered  also 
in  the  Gymnoius  Electricus^  the  Silurus  Eleciricus,  the  Trichiurus 
IndicuSy  and  the  Teiraodon  Electricus,  The  most  interesting 
and  the  best  known  of  these  singular  fishes  is  the  Gymnotus  or 
Surinam  eel.  Its  electrical  organs  have  beeft  minutely  described 
by  Hunter  and  Geoffroy ;  Dr.  Williamson,  Dr.  Gordon,  and  Mr. 
Walsh  have  also  published  interesting  details  of  its  peculiar  elec- 
trical powers ;  and  Humboldt  has  given  the  most  romantic  ac- 
count of  the  combats  which  are  carried  on  in  South  America 
between  the  gymnoti  and  the  wild  horses  in  the  vicinity  of 
Calabozo. 

Among  the  cultivators  of  electricity  the  late  Mr.  Cavendish  is 
entitled  to  a  distinguished  place.  Before  he  had  any  knowledge 
of  the  theory  of  -^pinus,  he  had  composed  and  communicated  to 
the  Royal  Society  a  theory  of  electrical  phenomena  nearly  the 
same  as  that  of  the  German  philosopher.  As  Mr.  Cavendish, 
however,  had  carried  the  theory  much'farther,  and  considered  it 
under  a  more  accurate  point  of  view,  he  did  not  hesitate  to  give 
his  paper  to  the  world. 

Mr.  Cavendish  made  some  accurate  experiments  on  the  rel- 
ative conducting  power  of  different  substances.  He  found  that 
the  electric  fluid  experiences  as  much  resistance  in  passing  through 
a  column  of  water  one  inch  long,  as  it  does  in  passing  through 
an  iron  wire  of  the  same  diameter  400,000,000  inches  long, 
and  hence  he  concludes  that  rain  or  distilled  water  conducts 
400,000,000  times  more  than  iron  wire.  He  found  that  the 
water,  or  a  solution  of  one  part  of  salt  in  one  of  water,  conducts 
a  hundred  times  better  than  freshwater;  and  that  a  saturated 
solution  of  sea-salt  conducts  seven  hundred  and  twenty  times 
better  than  fresh  water.  Mr.  Cavendish  likewise  determined  by 
nice  experiments  that  the  quantity  of  electricity  in  coated  glass 
of  a  certain  area  increased  with  the  thinness  of  the  glass;  and 
that  in  different  coated  plates  the  quantity  was  as  the  area  of  the 
coated  surface  directly,  and  as  the  thickness  of  the  glass  inversely. 

Although  electricity  had  been  employed  as  a  chemical  agent 
in  the  oxidation  and  fusion  of  metals,  yet  it  is  to  Mr.  Cavendish 
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that  we  owe  the  first  of  those  brilliant  inquiries  which  have  done 
so  much  for  the  advancement  of  modern  chemistry.  By  means 
of  the  electric  spark  he  succeeded  in  decomposing  atmospheric 
air.  By  using  different  proportions  of  oxygen  and  hydrogen, 
and  examining  the  product  which  they  formed  afler  explosion 
with  the  electric  spark,  he  obtained  a  proportion  when  the  pro- 
duct was  pure  water.  He  was  equally  successful  in  the  more  dif- 
ficult experiment  of  exploding  oxygen  and  nitrogen ;  but  when 
he  combined  seven  measures  of  oxygen  with  three  measures  of 
nitrogen,  he  obtained  from  their  explosion  nitric  acid.  As  sev* 
eral  foreigners  had  failed  in  repeating  this  interesting  experiment, 
Mr.  Cavendish,  aided  by  Mr.  Gilpin,  exhibited  it  publicly  before 
the  leading  members  of  the  Royal  Society  on  the  6th  of  Decem- 
ber, 1787 

The  decomposition  of  water  by  the  electric  spark  was  first 
effected  by  MM.  Paets,  Troostwyk,  and  Deiman ;  and  improved 
methods  of  doing  it  were  discovered  and  used  by  Dr.  Pearson, 
Mr.  Cuthbertson,  and  Dr.  Wollaston. 

As  a  chemical  agent,  however,  electricity  was  now  destined  to 
transfer  its  supremacy  to  another  science.  The  great  discovery 
made  by  Galvani  in  1 790,  that  the  contact  of  metals  produced 
muscular  contraction  in  frogs,  and  the  invention  of  the  Vol- 
taic pile,  in  1800,  by  M.  Volta,  of  Como,  led  to  the  establish- 
ment of  a  new  science  called  Galvanism  or  Voltaic  Electricity, 
which,  though  now  proved  to  be  identical  with  common  elec- 
tricity, requires  to  be  treated  in  a  separate  article.  The  chemical 
effects  of  the  Voltaic  pile  far  transcended  those  of  ordinary  elec- 
tricity, and  enabled  Sir  Humphry  Davy  to  decompose  the  earths 
and  the  alkalies,  and  thus  to  create  a  new  epoch  in  the  history 
of  chemistry. 

Contemporary  with  Mr.  Cavendish  was  M.  Coulomb,  one  of 
the  most  eminent  experimental  philosophers  of  the  last  century. 
Anxious  to  determine  the  law  of  electrical  action,  he  invented 
for  this  purpose  an  instrument  called  a  torsion  balance,  which 
has  since  his  time  been  universally  used  in  all  delicate  researches, 
and  which  is  particularly  applicable  to  the  measurement  of  elec- 
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trical  and  magnetical  actions,  ^pinus  and  Cavendish  had  con« 
sidered  the  action  of  the  electrical  fluid  as  diminishing  with  the 
distance ;  but  M.  Coulomb  proved,  by  a  series  of  elaborate  ex- 
periments, that  it  varied  like  gravity  in  the  inverse  ratio  of 
the  square  of  the  distance.  Dr.  Robison,  of  Glasgow,  had 
previously  determined,  without,  however,  having  published  his 
experiments,  that  in  the  mutual  repulsion  of  two  similarly  elec- 
trified spheres  the  law  was  slightly  in  excess  of  the  inverse  dupli- 
cate ratio  of  the  distance,  while  in  the  attraction  of  oppositely 
electrified  spheres  the  deviation  from  that  ratio  was  in  defect ; 
and  hence  he  justly  concluded  that  the  law  of  electrical  action 
was  similar  to  that  of  gravity. 

Adopting  the  hypothesis  of  two  fluids.  Coulomb  investigated 
experimentally  and  theoretically  the  distribution  of  electricity 
on  the  surface  of  bodies.  He  determined  the  law  of  its  distri- 
bution between  two  conducting  bodies  in  contact ;  he  measured 
the  density  of  the  electricity  in  different  points  of  two  globes  in 
contact;  he  ascertained  the  distribution  of  electricity  among 
several  globes  (whether  equal  or  unequal)  placed  in  contact  in 
a  straight  line ;  he  measured  the  distribution  of  electricity  on 
the  surface  of  a  cylinder,  and  its  distribution  between  a  globe 
and  cylinder  of  different  lengths  but  of  the  same  diameter.  His 
experiments  on  the  dissipation  gf  electricity  possess  also  a  high 
value.  He  found  that  the  momentary  dissipation  was  propor- 
tional to  the  degree  of  electricity  at  the  time,  and  that  when  the 
electricity  was  moderate  its  dissipation  was  not  altered  in  bodies 
of  different  kinds  or  shapes.  The  temperature  and  pressure  of 
the  atmosphere  did  not  produce  any  sensible  change ;  but  the 
dissipation  was  nearly  proportional  to  the  cube  of  the  quantity 
of  moisture  in  the  air.  In  examining  the  dissipation  which  takes 
place  along  imperfectly  insulating  substances  he  found  that  a 
thread  of  gum-lac  was  the  most  perfect  of  all  insulators;  that  it 
insulated  ten  times  better  than  a  dry  silk  thread,  and  that  a  silk 
thread  covered  with  fine  sealing-wax  insulated  as  powerfully  as 
gum-lac  when  it  had  four  times  its  length.  He  found  also  that 
the  dissipation  of  electricity  along  insulators  was  chiefly  owing 
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to  adhering  moisture,  but  in  some  measure  also  to  a  slight  con- 
ducting power. 

Towards  the  end  of  the  last  century  a  series  of  experiments 
was  made  by  MM.  Laplace,  Lavoisier  and  Volta,  from  which  it 
appeared  that  electricity  is  developed  when  solid  or  fluid  bodies 
pass  into  the  gaseous  state.  The  bodies  which  were  to  be  evap- 
orated or  dissolved  were  placed  upon  an  insulating  stand,  and 
made  to  communicate  by  a  chain  or  wire  with  a  Cavallo's  elec- 
trometer, or  with  Volta's  condenser,  when  it  was  suspected  that 
the  electricity  increased  gradually.  When  sulphuric  acid  di- 
luted with  three  parts  of  water  was  poured  upon  iron  filings, 
inflammable  air  was  disengaged  with  a  brisk  eflervescence,  and 
at  the  end  of  a  few  minutes  the  condenser  was  so  highly  charged 
as  to  yield  a  strong  spark  of  negative  electricity.  Similar  re- 
sults were  obtained  when  charcoal  was  burnt  on  a  chafing  dish, 
or  when  fixed  air  or  nitrous  gas  was  generated  from  powdered 
chalk  by  means  of  the  sulphuric  and  nitrous  acids. 

M.  Volta,  who  happened  to  be  at  Paris  when  these  experi- 
ments were  made,  and  who  took  an  active  part  in  them,  had 
subsequently  observed  that  the  electricity  produced  by  evapora- 
tion was  always  negative.  He  found  that  burning  charcoal  gives 
out  negative  electricity ;  and  in  other  kinds  of  combustion  he 
obtained  distinct  electrical  indications. 

In  this  state  of  the  subject  M.  Saussure  undertook  a  series  of 
elaborate  experiments  on  the  electricity  of  evaporation  and  com- 
bustion. In  his  first  trials  he  found  that  the  electricity  was 
sometimes  positive  and  sometimes  negative  when  water  was  evap- 
orated from  a  heated  crucible  of  iron  ;  but  he  afterwards  found 
it  to  be  always  positive  both  in  an  iron  and  a  copper  crucible. 
In  a  silver  and  in  a  porcelain  crucible  the  electricity  was  nega- 
tive. The  evaporation  of  alcohol  and  of  ether  in  a  silver  cruci- 
ble also  gave  negative  electricity.  M.  Saussure  made  many 
fruitless  trials  to  obtain  electricity  from  combustion,  and  he  like- 
wise failed  in  his  attempts  to  procure  it  from  evaporation  without 
ebullition. 

Many  valuable  additions  were  about  this  time  made  to  electri- 
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cal  apparatus,  as  well  as  to  the  science  itself,  by  Van  Marum, 
Cavallo,  Nicholson,  Cuthbertson,  Brooke,  Bennet,  Read,  Mor- 
gan and  Henley ;  but  our  limits  will  not  permit  us  to  do  any- 
thing more  than  thus  notice  their  labors. 

The  application  of  analysis  to  electrical  phenomena  may  be 
dated  from  the  commencement  of  the  present  century.  Cou- 
lomb had  considered  only  the  distribution  of  electricity  on  the 
surface  of  spheres ;  but  Laplace  undertook  to  investigate  its  dis- 
tribution on  the  surface  of  ellipsoids  of  revolution,  and  he 
showed  that  the  thickness  of  the  coating  of  fluid  at  the  pole  was 
to  its  thickness  at  the  equator  as  the  equatorial  is  to  the  polar 
diameter,  or,  what  is  the  same  thing,  that  the  repulsive  force  of 
the  fluid,  or  its  tension  at  the  pole,  is  to  that  at  the  equator  as 
the  polar  is  to  the  equatorial  axis. 

M.  Biot  has  extended  this  investigation  to  all  spheroids  dif- 
fering little  from  a  sphere,  whatever  may  be  the  irregularity  of 
their  figure.  He  likewise  determined  analytically  that  the  losses 
of  electricity  form  a  geometrical  progression  when  the  two  sur- 
faces of  a  jar  or  plate  of  coated  glass  are  discharged  by  successive 
contacts;  and  he  found  that  the  same  law  regulates  the  dis- 
charge when  a  series  of  jars  are  placed  in  communication  with 
each  other. 

It  is  to  M.  Poisson,  however,  that  we  are  mainly  indebted  for 
having  brought  the  phenomena  of  electricity  under  the  dominion 
of  analysis  and  placed  it  on  the  same  level  as  the  more  exact 
sciences.  By  assuming  the  hypothesis  of  two  fluids,  he  has  de- 
duced theorems  for  determining  the  distribution  of  the  electric 
fluid  on  the  surface  of  two  conducting  spheres  when  they  are 
either  placed  in  contact  or  at  any  given  distance ;  and  the  truth 
of  these  theorems  has  been  established  by  experiments  performed 
by  Coulomb  long  before  the  theorems  themselves  had  been  in-* 
vestigated. 

The  cultivation  of  the  new  science  of  Voltaic  electricity  had 
now  withdrawn  the  attention  of  experimental  philosophers  from 
that  of  ordinary  electricity.  The  splendor  of  its  phenomena, 
as  well  as  its  association  with  chemical  discoverv,  contributed  to 
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give  it  popularity  and  importance ;  but  the  discoveries  of  Galvani 
and  Volta  were  destined,  in  their  turn,  to  pass  into  the  shade, 
and  the  intellectual  enterprise  of  the  natural  philosophers  of 
Europe  was  directed  to  new  branches  of  electrical  and  magneti- 
cal  science.  Guided  by  theoretical  anticipations.  Professor  H. 
C.  Oersted,  of  Copenhagen,  in  1820,  laid  the  foundations  of  the 
science  of  Electro-magnetism.  He  found  that  the  electrical  cur- 
rent of  a  galvanic  trough,  when  made  to  pass  through  a  platinum 
wire ;  acted  upon  a  compass  needle  placed  below  the  wire ;  and 
upon  repeating  the  experiment,  he  discovered  the  fundamental 
law,  that  the  magneticai  effect  of  the  Voltaic  current  had  a  circular 
motion  round  the  current^  or  round  the  conductor^  or  the  wire 
through  which  the  current  passed.  M.  Ampere,  of  Paris,  soon 
afterwards  made  the  important  discovery  that  two  wires  con- 
ducting electrical  currents,  when  suspended  so  as  to  be  capable  ^ 
of  motion,  attracted  tzch  other  when  the  currents  moved  in  the 
same  direction^  and  repelled  each  other  when  they  moved  in  op- 
posite  directions ;  or,  to  express  the  fact  more  simply,  two  points 
of  electrical  currents  repel  each  other  by  their  similar  sides ^  and  at- 
tract each  other  by  their  opposite  sides;  so  that,  as  Professor  Oer- 
sted remarks,  an  electric  current  contains  a  revolving  action,  ex- 
hibiting every  appearance  of  polarity. 

In  1820,  M,  Arago,  Sir  H.  Davy,  and  Dr.  Seebeck  of  Berlin, 
without  being  acquainted  with  each  other's  labors,  discovered 
the  power  of  the  electric  current  to  impart  magnetism  to  iron 
and  steel  needles ;  but  the  most  singular  discovery  on  this  branch 
of  the  subject  was  made  by  M.  Savary,  who  found  that  small 
steel  needles,  placed  at  different  but  very  short  distances  from  a 
wire  conducting  an  electrical  current,  are  magnetized  in  different 
directions.  Needles  in  contact  with  the  wire  are  magnetized  in 
the  usual  ox  positive  direction  ;  while  needles  at  the  distance  of 
X.I  millimeter,  or  ^^  of  an  inch,  are  magnetized  in  an  opposite 
direction,  which  he  calls  negative.  At  the  distance  of  two 
inches  from  the  wire  there  was  a  neutral  line  in  which  the 
needles  were  not  magnetized  at  all.  When  the  distance  of  the 
unmagnetized  needle  was  increased  from  three  to  eight  millime- 
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ters  it  again  became  positively  magnetic,  the  maximum  effect 
taking  effect  at  the  distance  of  5)^  millimeters.  Between  the 
distance  of  8.6  and  21.4  millimeters  the  magnetism  was  a  second 
time  negative,  the  effect  increasing  from  8.6  to  14.6,  and  again 
reaching  the  vertical  or  zero  point  at  21.4.  Beyond  the  dis- 
tance of  twenty-three  millimeters  the  magnetism  was  again  positive. 
With  different  conducting  wires  M.  Savary  found,  that  within 
certain  limits  the  maximum  intensity  is  produced  at  a  greater 
distance  from  the  wire,  and  the  number  of  alterations  of  positive 
and  negative  direction  is  also  greater  in  proportion,  as  the  wire 
is  shorter  in  proportion  to  the  length  of  the  helix.  When 
needles  are  placed  parallel  to  the  axis  of  a  helix  of  narrow  wind- 
ings, they  all  receive  the  same  kind  of  magnetism ;  but  when  the 
electrical  charge  is  increased  from  one  jar  to  a  battery  of  twenty- 
two  superficial  feet,  six  alternations,  viz.,  three  positive  and  three 
negative,  are  obtained.  When  Voltaic  electricity  is  substituted 
for  ordinary  electricity,  the  alternations  are  destroyed  by  a  con- 
tinued current,  but  appear  when  the  current  is  established  only 
for  an  instant. 

These  curious  experiments  were  followed  by  those  of  Professor 
Erman,  of  Berlin,  who  found  that  when  an  electrical  discharge 
passes  through  the  centre  of  a  circular  disc  of  steel,  and  in  a  line 
perpendicular  to  its  surface,  no  apparent  magnetism  is  developed ; 
but  when  a  slit  is  made  in  the  plate,  or  a  sector  cut  out  of  it,  the 
side  of  the  disc  opposite  to  the  slit,  or  the  sectoral  opening,  ex- 
hibits the  opposite  magnetism.  MM.  Gay  Lussac  and  Welther 
obtained  the  same  result  with  a  steel  ring. 

The  discovery  of  thermo-electricity  by  Dr.  Seebeck,  in  1822, 
gave  a  new  impulse  to  this  branch  of  science.  In  studying  the 
influence  of  heat  in  Galvanic  arangements,  he  was  led  to  believe 
that  magnetism  might  be  developed  in  two  metals  forming  a 
circuit  when  the  equilibrium  of  heat  in  them  was  disturbed.- 
He  accordingly  joined  a  semicircular  piece  of  bismuth  with  a 
similar  piece  of  copper,  so  as  to  form  a  circle  by  their  union ; 
and  when  one  of  the  junctions  was  heated  an  electrical  current 
was  produced,  which  could  show  its  existence  only  by  the  mag- 
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netic  needle,  and  which  exhibited  all  the  magnetical  properties 
of  an  electrical  current. 

In  the  same  year  in  which  Dr.  Seebeck  made  this  remarkable 
discovery,  the  rotation  of  a  magnetical  needle  round  an  electrical 
current,  and  of  a  body  transmitting  an  electrical  current  round 
a  magnet,  were  exhibited  in  a  series  of  beautiful  and  highly  in- 
genious experiments  by  Dr.  Faraday,  whose  subsequent  discover- 
ies place  him  at  the  head  of  the  cultivators  of  this  most  interest- 
ing science. 

These  experiments  were  followed  by  those  of  Arago,  Barlow, 
Seebeck,  Herschel,  and  Babbage,  in  which  a  revolving  plate  of 
copper  gives  a  rotary  motion  to  a  magnetic  needle  conveniently 
suspended ;  but  notwithstanding  the  ingenuity  and  talent  with 
which  this  subject  was  treated  by  these  eminent  individuals,  it 
is  to  Dr.  Faraday  that  we  owe  a  complete  analysis  and  explana- 
tion of  this  curious  phenomenon. 

This  explanation  was  founded  on  the  great  discovery  of  the 
evolution  of  electricity  from  magnetism,  by  which  Dr.  Faraday 
laid  the  foundation  of  the  new  science  of  magneto- electricity. 
By  means  of  a  series  of  simple  and  beautiful  experiments  with  the 
celebrated  magnets  of  Dr.  Gowin  Knight,  and  with  the  powerful 
magnet  of  Professor  Daniel,  Dr.  Faraday  obtained  the  most  un- 
equivocal and  striking  electrical  effects,  though  the  intensity  of 
the  electricity  was  very  feeble,  and  its  quantity  small.  He  ob- 
tained a  distinct  though  feeble  spark ;  he  succeeded  in  convuls- 
ing the  limbs  of  a  frog  by  means  of  a  magnet ;  and  he  perceived 
also  the  sensation  on  the  tongue  and  the  flash  before  the  eyes, 
but  he  could  not  effect  chemical  decomposition  by  magnetism. 
Besides  obtaining  these  important  results,  Dr.  Faraday  has  clear- 
ly established  the  laws  according  to  which  a  magnet  develops 
magnetic  currents.  He  applies  these  laws  to  the  explanation  of 
the  reciprocal  action  of  revolving  magnets  and  metals,  and  he 
adduces  unquestionable  proofs  of  the  production  of  electricity  by 
terrestrial  magnetism. 

These  important  results  have  been  more  recently  extended  by 
Dr.  Faraday  and  others.     M.  Pixii  observed  attractions  and  re- 
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pulsions  in  the  electricity  evolved  by  magneto-electric  induction ; 
and  by  an  ingenious  and  powerful  apparatus  he  obtained  a  great 
degree  of  divergence  in  the  gold  leaves  of  an  electrometer.  At 
the  meeting  of  the  British  Association  at  Oxford,  in  June,  1832, 
Dr.  Faraday,  by  means  of  Mr.  Snow  Harris's  electrometer,  subse- 
quently described,  succeeded  in  heating  a  wire  by  magneto-elec- 
tric induction.  By  means  of  the  magneto-electric  apparatus  of 
M.  Pixii  already  referred  to,  he  and  M.  Hachette  decomposed 
water,  and  obtained  the  oxygen  and  hydrogen  in  separate  tubes. 

In  the  progress  of  his  electrical  researches.  Dr.  Faraday  found  it 
necessary  for  their  further  prosecution  to  establish  either  the 
identity  or  the  distinction  of  the  electricities  excited  by  different 
means ;  and  in  a  paper  of  great  value  he  has  established  beyond 
a  doubt  the  identity  of  common  electricity,  Voltaic  electricity, 
magneto-electricity,  thermo-electricity,  and  animal  electricity. 
The  phenomena  exhibited  in  these  five  kinds  of  electricity  do 
not  differ  in  kind,  but  merely  in  degree ;  and  in  this  respect  they 
vary  in  proportion  to  the  variable  circumstances  of  quantity  and  in- 
tensity, which  can  at  plectsure  be  made  to  change  in  almost  any  one 
of  the  kinds  of  electricity ,  as  much  as  it  does  between  one  kind  and 
cmother. 

Dr.  Faraday  was  anxious  to  determine  the  relation  by  measure 
of  ordinary  and  voltaic  electricity ;  and  after  various  excellent 
experiments,  he  obtained  an  approximation,  and  judging  from 
magnetical  force  only,  "  that  two  wires,  one  of  platinum  and  one 
of  zinc,  each  one-eighteenth  of  an  inch  in  diameter,  placed  five- 
sixteenths  of  an  inch  apart,  and  immersed  to  the  depth  of  five- 
eighteenths  of  an  inch  in  acid  consisting  of  one  drop  of  oil  of 
vitriol,  and  four  ounces  distilled  water  at  a  temperature  of  about 
60°,  and  connected  at  the  other  extremities  by  a  copper  wire 
eighteen  feet  long  and  one-eighteenth  of  an  inch  thick  (being 
the  wire  of  the  galvanometer  coils),  yield  as  much  electricity  in 
eight  beats  of  a  watch,  or  in  xfT^ths  of  a  minute  (or  3.2  sec- 
onds), as  the  electrical  battery  (of  fifteen  jars)  charged  by  thirty 
turns  of  the  large  machine  in  excellent  order.  The  same  result 
was  found  to  be  true  in  the  case  of  chemical  force." 
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In  the  course  of  his  investigations  relative  to  electro-chemical 
composition,  Dr.  Faraday  was  led  to  observe  the  effects  due  to  a 
very  general  law  of  electric  conduction  which  had  not  formerly 
been  recognized.  He  found  that  solid  bodies  assume  the  power 
of  conducting  electricity  during  liquefaction,  and  lose  this  con- 
ducting power  during  congelation.  The  voltaic  electricity  pro- 
duced by  a  battery  of  fifteen  troughs,  or  a  hundred  and  fifty  pairs 
of  four-inch  plates  powerfully  charged,  was  incapable  of  passing 
through  a  thin  film  of  ice  three-sixteenths  of  an  inch  thick  \  but 
when  the  ice  was  melted,  the  electricity  passed  in  such  quanti- 
ties as  to  deflect  the  magetic  needle  70°.  This  insulation,  how- 
ever, exhibited  by  ice  is  not  effective  with  electricity  of  exalted 
intensity.  In  making  this  experiment  with  other  solid  bodies. 
Dr.  Faraday  chose  those  which,  being  solid,  at  common  temper- 
atures, were  fusible,  and  of  such  a  composition  as,  for  other 
reasons  connected  with  electro-chemical  action,  led  to  the  con- 
clusion that  they  would  be  able  to  replace  water.  When  the 
electric  current  passed  through  the  solid  body  employed,  there 
was  no  chemical  decomposition ;  but  when  the  body  was  lique- 
fied or  fused,  the  decomposition  took  place.  The  bodies  which 
Dr.  Faraday  found  to  be  subject  to  this  law  will  be  found  in  our 
section  on  Electrical  Conduction.  The  degree  of  conducting 
power  conferred  upon  bodies  by  liquidity  is  generally  very  great. 
In  water  it  is  the  feeblest  of  all ;  and  in  the  various  oxides,  chlo- 
rides, salts,  etc.,  it  is  given  in  a  much  higher  degree,  some  a 
hundred  time  greater,  than  in  the  case  of  pure  water. 

In  studying  the  phenomena  of  induction,  Dr.  Faraday  was 
led  to  a  beautiful  theory  of  inductive  action,  which  threw  a 
new  light  upon  every  department  of  electricity.  While  Cav- 
endish, Poisson,  and  other  distinguished  cultivators  of  the  sci- 
ence considered  induction  as  a  force  excited  at  a  distance,  and 
in  straight  lines,  he  was  led  to  regard  it  as  an  action  of  con- 
tiguous particles^  or  particles  near  each  other,  consisting  of  a 
species  of  polarity  in  the  particles  of  the  dielectric  or  insulating 
medium,  through  or  across  which  the  electric  forces  are  acting. 
When  an  electrified  body  induces  electricity  in  a  conductor,  it 
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does  it  hy  polarizing  all  the  intermediate  particles  of  the  dielec- 
tric, that  is  by  exciting  the  opposite  electricities  in  the  particles 
near  it,  and  by  these  particles  producing  the  same  effect  from 
particle  to  particle,  till  it  is  transferred  to  the  conductor.  The 
particles  which  are  thus  polarized  are  not  supposed  to  be  material 
atoms  of  the  dielectric,  but  merely  points  or  centres  of  force 
pervading  all  space  and  penetrating  all  material  bodies.  When 
such  contiguous  particles  communicate  their  forces  slowly  to  one 
another,  insulation  or  coercion^  as  it  has  been  called,  is  produced ; 
and  when  rapidly,  conduction  is  the  result.  This  polarization 
of  dielectrics  was  placed  beyond  a  doubt  by  the  experiments 
of  Faraday  and  Matteucci  in  the  case  of  solids  and  fluids,  if  not 
for  air  and  the  gases.  By  means  of  this  fine  theory,  which  was 
confirmed  by  experiments,  M.  Mosotti  succeeded  in  explaining 
the  law  of  electrical  forces  discovered  by  Coulomb. 

In  an  able  memoir  published  at  Turin  in  1845,  M-  Plana 
gave  the  results  of  his  researches  on  the  distribution  of  the 
electric  fluid  on  the  surface  of  conductors.  Without  taking  into 
consideration  the  cause  of  the  retention  of  electricity  on  the  sur- 
face of  conductors,  he  treated  the  problem  of  its  distribution 
in  three  cases — in  the  case  where  the  spheres  are  in  contact,  in 
the  case  where  they  are  separated  by  any  interval,  and  in  the 
case  where  the  separation  is  very  small  compared  with  the  dis- 
tance of  their  centres.  He  gave  also  a  more  rigorous  demon- 
stration of  certain  principles,  on  the  relations  which  exist  be- 
tween the  thickness  of  the  electric  wire  and  the  forces  which 
emanate  from  it.  From  the  simple  fact,  that  free  electricity  dis- 
tributes itself  on  the  surface  of  conductors,  he  demonstrated  that 
the  repulsive  force  in  the  case  of  simple  physical  points  is  in- 
versely as  the  square  of  the  distance. 

The  distribution  of  electricity  on  spherical  conductors  has 
been  successfully  pursued  by  English  mathematicians.  The 
celebrated  scientist,  Mr.  Cavendish,  had,  so  early  as  1773, 
made  great  progress  in  the  inquiry.  He  demonstrated  the 
remarkable  proposition,  that  unless  the  electrical  force  was  in  the 
inverse  proportion  of  the  square  of  the  distance,  the  electricity 
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would  be  distributed  through  the  interior  of  a  charged  conductor ; 
and  consequently  that  this  law  must  be  true,  as  the  electricity  is 
confined  to  an  infinitely  thin  film  on  its  surface.  We  owe  also 
to  Cavendish  an  approximation  to  the  true  theory  of  the  Leyden 
jar,  and  a  determination  of  the  effects  produced  by  connecting 
conductors  with  fixed  wires. 

It  was  by  Mr.  Green,  a  self-taughtmathematician,  that  the 
first  great  advances  were  made  in  the  mathematical  theory  of 
electricity.*  "  His  researches,"  as  Professor  William  Thomson 
has  observed,  "  have  led  to  the  elementary  proposition  which 
must  constitute  the  legitimate  foundation  of  every  perfect  mathe- 
matical structure  that  is  to  be  made  from  the  materials  furnished 
in  the  experimental  laws  of  Coulomb.  Not  only  do  they  afford 
a  natural  and  complete  explanation  of  the  beautiful  quantitative 
experiments  which  have  been  so  interesting  at  all  times  to  prac- 
tical electricians,  but  they  suggest  to  the  mathematician  the 
simplest  and  most  powerful  methods  of  dealing  with  problems 
which,  if  attacked  by  the  mere  force  of  analysis,  must  have  re- 
mained forever  unsolved."  One  of  the  simplest  applications  of 
these  theorems  was .  to  perfect  the  theory  of  the  Leyden  jar,  a 
result  which  (if  we  except  the  peculiar  action  of  the  insulating 
solid  medium  since  discovered  by  Dr.  Faraday)  we  owe  to  his 
genius.  He  has  also  shown  how  an  infinite  number  of  forms  of 
conductors  may  be  invented,  so  that  the  distribution  of  electricity 
in  equilibrium  on  each  may  be  expressible  in  finite  algebraical 
terms — ^an  immense  stride  in  the  science,  when  we  consider  that 
the  distribution  of  electricity  on  a  single  spherical  conductor,  an 
uninfluenced  ellipsoidal  conductor,  and  two  spheres  mutually  in- 
fluencing one  another,  were  the  only  cases  solved  by  Poisson ; 
and,  indeed,  the  only  cases  conceived  to  be  solvable  by  good 
mathematical  writers. 

The  work  of  Mr.  Green,  which  contained  these  fine  researches, 
though  published  in  1828,  had  escaped  the  notice  not  only  of 

*  Essay  on  the  Application  of  Mathematical  Analysis  to  the  Theories  of 
Electricity  and  Magnetism,  Nottingham,  1828. 
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foreign,  but  even  of  British  mathematicians;  and  it  !s  a  singular 
fact  in  the  history  of  science,  that  all  his  general  theorems  were 
rediscovered  by  Professor  William  Thomson  of  Glasgow,  MM. 
Charles  and  Sturm  of  Paris,  and  M.  Gauss  of  Gottingen.  Pro- 
fessor Thomson,  however,  pushed  his  researches  much  further 
than  his  fellow-laborers.  He  pointed  out  in  1845  ^^^^  consistency 
of  Dr.  Faraday's  experiments  with  the  new  theory ;  and,  guided 
by  an  analogy  between  the  uniform  motion  of  heat  and  the  dis- 
tribution of  electricity  on  conductors,  or  the  attractive  and  re- 
pulsive forces  excited  by  electrified  bodies,  he  showed  how 
the  peculiar  electric  polarization  discovered  by  Dr.  Faraday  in 
dielectrics,  or  solid  insulators  subjected  to  electric  force,  is  to  be 
taken  into  account  in  the  theory  of  the  Leyden  phial,  so  as  to 
supply  the  deficiency  in  Green's  investigations.* 

From  the  elementary  propositions  of  Mr.  Green,  Mr.  Thomson 
was  led  to  the  beautiful  principle  of  what  he  calls  electrical  images^ 
which  is  a  new  and  admirable  method  of  treating  a  great  variety 
of  problems  in  reference  to  the  distribution  of  electricity  on 
spherical  conductors.  *'The  effect,"  says  Mr.  Thomson,  "of 
a  body  electrified  in  any  given  manner  upon  an  uninsulated 
sphere,  is  shown  to  be  completely  represented  by  what  may  be 
called  the  image  of  the  electrified  body  in  the  sphere;  and  a  simple 
geometrical  construction  is  given  by  which  this  image  may  be 
described.  When  an  electrified  body  is  placed  in  the  neighbor- 
hood of  two  uninsulated  spheres,  an  inductive  effect  is  produced 
which  may  be  represented  by  an  infinite  series  of  successive 
images  in  each  sphere.  An  algebraic  expression  o^this  result 
leads  to  solutions,  by  means  of  converging  series,  of  the  various 
problems  which  occur  with  reference  to  the  distribution  of  the 
induced  electricity,  and  the  attractions  exerted  by  the  two 
spheres.  Or,  when  a  single  conductor,  bounded  by  segments  of 
two  spherical  surfaces  cutting  at  an  angle  which  is  a  submultiple 
of  two  right  angles,  is  electrified  by  the  influence  of  a  charged 

♦Sec  Cambridge  and  Dublin  Mathematical  Journal^  Nov.,  1845;  *'*^ 
PhU,  Mag,,  July,  1854,  pp.  42-62. 
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body^  the  effect  may  be  represented  by  a  finite  number  of  images 
disposed  in  a  symmetrical  manner  in  the  circumference  of  a  circle 
passing  through  the  exciting  body,  and  cutting  the  two  spherical 
surfaces  at  right  angles.  The  principle  of  electrical  images  in 
these  two  cases  may  be  illustrated  by  a  reference  to  the  successive 
images  of  a  candle  placed  between  two  parallel  plane  mirrors^ 
and  to  the  symmetrically  arranged  images  which  are  seen  in  the 
kaleidoscope."* 

One  of  the  most  remarkable  discoveries  in  electricity  which 
has  been  made  is  that  of  the  hydro-electric  machine,  which 
we  owe  to  Mr.  Armstrong,  of  Newcastle.  On  the  apth  of  Sep- 
tember, 1840,  William  Paterson,  who  attended  a  steam-engine  at 
Cramlington  Colliery,  eight  miles  from  Newcastle,  happening  to 
take  hold  with  one  hand  of  the  lever  of  the  safety  valve  of  the 
boiler,  while  his  other  hand  was  in  the  steam  which  was  issuing 
from  a  fissure,  received  an  electric  shock.  The  same  effect  was 
produced  if  he  touched  any  part  of  the  boiler,  or  any  iron  work 
connected  with  it.  The  engine-man  also  found  that  when  one 
hand  was  immersed  in  the  jet  of  steam  he  gave  a  shock  to  every 
person  he  touched  with  the  other,  whether  the  person  was  in 
contact  with  the  boiler  or  merely  stood  on  the  brickwork  which 
supports  it,  though  the  shock  was  greater  when  the  person 
touched  the  boiler.  Having  heard  of  these  remarkable  facts, 
Mr.  Armstrong  went  to  Cramlington  Colliery  and  observed  the 
phenomena,  and  having  constructed  a  steam  apparatus,  he  found 
that  the  place  where  the  electricity  was  produced  was  that  at 
which  the  steam  was  subjected  to  friction,  and  that  when  the 
boiler  was  of  wrought-iron  the  electricity  was  zXwzys  positive,  ex- 
cepting when  he  made  the  steam  pass  to  the  discharging  aperture 
through  a  considerable  surface  of  polished  brass.  In  this  case 
the  electricity  became  very  feeble ;  but  when  the  inside  of  the 
brass  tube  was  moistened  with  dilute  nitric  acid,  the  steam  from 
tlie  iron  boiler  became  for  the  first  time  negatively  electrified. 
By  an  insulated  brass  discharging-rod,  consisting  of  a  metallic 

*Xiports  of  the  British  Assodatum,  1847,  Tnms.  Sect.,  pp.  6,  7. 
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plate  at  one  end  and  a  brass  ball  at  the  other,  he  obtained  from 
60  to  70  powerful  sparks  in  a  minute,  the  plate  being  plunged  in 
the  issuing  steam,  and  the  ball  brought  into  contact  with  the 
boiler.  Mr.  Armstrong  was  thus  led  to  construct  a  hydro-electric 
machine,  which  gave  sparks  22  inches  long,  and  so  large,  dense, 
and  rapid  that  they  frequently  resembled  a  continuous  flame. 
This  machine,  with  a  boiler  6J^  feet  long  by  3^^  feet  wide,  was 
constructed  for  the  Polytechnic  Institution,  London,  where  it 
long  excited  the  admiration  of  the  public. 

Mr.  Armstrong  at  the  very  commencement  of  his  inquiry 
communicated  his  discovery  to  Dr.  Faraday,  who,  with  his  usual 
ability,  investigated  the  theory  of  the  machine.  He  found  that 
the  electricity  was  produced  by  the  friction  of  the  particles  of 
water  upon  the  discharging  tube,  and  that  it  was  not  the  electric- 
ity caused  by  evaporation.  When  tubes  of  glass,  metal  or  wood 
were  used,  the  electricity  of  the  steam  was  always  negative,  and 
that  of  the  boiler  positive,  but  when  a  quill  tube  or  a  tube  of  ivory 
was  employed,  "  the  boiler  received  scarcely  any  charge,  and  the 
stream  of  steam  was  also  in  a  neutral  state,"  showing  that  the 
electricity  was  not  produced  by  evaporation;  Dr.  Faraday  also 
found  that  the  electricity  of  the  issuing  current  was  negative^  and 
that  of  the  \io\\tx  positive ^  when  oil  or  oil  of  turpentine  was  car- 
ried forward  by  the  current  of  steam.  When  acetic  acid  was 
used  in  the  steam  globe,  the  electricity  was  neutralized. 

Properly  speaking,  the  early  history  of  electricity  comes  to  a 
close  here,  and  the  science  of  electricity  commences  with  the 
results  of  the  researches  of  Davy  and  Faraday.  The  one  who, 
as  it  were,  prepared  the  ground  was  Humphry  Davy  (bom 
1778).  His  researches  regarding  the  influence  of  the  electrical 
current  on  chemical  compounds  were  begun  in  1806,  and  led 
him  to  the  decomposition  of  the  alkaline  earths  and  the  discov- 
ery of  the  alkaline  metals.  Chlorine  was  found  to  be  an  element, 
and  the  products  of  decomposed  bodies  to  be  analogous  to  pos- 
itive and  negative  electricity,  etc.,  etc.  This  observation  led  to 
the  electro-chemical  theory.  Although  water  was  decomposed 
by  Carlisle  and  Nicholson  in  1800,  no  proper  explanation  of  the 
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result  could  be  furnished.  Davy,  however,  proved  water  to  con- 
sist of  oxygen  and  hydrogen  only.   , 

We  owe  to  Faraday,  his  pupil,  the  further  working  out  of 
Davy's  notions.  Michael  Faraday  was  without  doubt  one  of  the 
greatest  physicists  that  ever  lived.  We  need  not  go  into  the 
details  of  his  discoveries  in  many  other  branches  of  science.  For 
us,  his  name  is  chiefly  associated  with  the  law  of  electro-statics, 
diamagnetism,  and  induction.  The  enormous  importance  of 
this  discovery  of  induction  may  easily  be  seen  by  pointing  to 
the  present  condition  of  electro- technics,  /.  ^.,  to  the  telegraph, 
telephone,  and  dynamo  machine. 

Faraday  substituted  the  term  electrode  for  pole,  naming  the 
positive  electrode  the  annode,  the  negative  electrode  the  kathode. 
He  also  constructed  the  voltameter,  by  means  of  which  he  dis- 
covered the  laws  of  electrolysis  in  1853. 

The  discoveries  of  Siemens,  Brush,  Edison,  Gramme,  Thom- 
son, Bell,  and  others,  were  rendered  comparatively  easy  by  the 
prior  discoveries  of  Professor  Michael  Faraday. 


John  Perry,  of  London,  the  celebrated  electrician,  thus  sums 
up  the  history  of  the  progress  of  Electrical  Engineering  during 
the  last  twenty  years : 

In  1870  Dr.  Everett  wedded  notions  of  potential  to  the  de- 
tached experimental  information  of  a  French  treatise  on  electric- 
ity, which  he  translated  ;  and  the  books  of  Fleeming  Jenkin  and 
Clerk  Maxwell,  published  soon  afterwards,  completely  removed 
all  impediments  in  the  way  of  electrical  students.  The  full 
meaning  of  Ohm's  law  became  clear ;  electro-motive  force,  dif- 
ference of  potential,  resistance,  current,  capacity,  lines  of  force, 
magnetization,  chemical  affinity,  were  measurable,  and  could  be 
reasoned  about,  and  calculations  could  be  made  about  them  with 
a»  much  certainty  as  calculations  in  dynamics.  Information  was 
now  published  which  had  long  been  known  to  the  practical  elec- 
trical engineer,  but  which  had  been  really  unknown  to  the  writ- 
ers of  text-books  and  the  teachers  of  science.     It  may  be  said 
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that  from  1870  the  teaching  of  electricity  has  ceased  to  be  a 
mere  lecture-room  exhibition  of  tricks  and  startling  electrical 
effects,  and  has  become  a  more  and  more  widely  known  science. 
But  it  is  only  since  about  that  time ;  and  while  it  is  useless  to 
speculate  on  what  might  have  occurred  had  Sir  William  Thom- 
pson condescended  to  write  in  1857  a  text-book  on  electricity 
such  as  he  was  then  capable  of  producing,  it  may  safely  be  said 
that  it  is  very  seldom  that  a  man's  inability  to  comprehend  how 
ignorant  his  contemporaries  are  has  produced  such  evil  effects 
in  retarding  the  progress  of  industrial  invention. 

There  can  be  no  doubt  that  the  people  of  one  hundred  years 
hence  will  wonder  that  we  shall  have  remained  so  oblivious  of 
phenomena  occurring  around  us,  to  which  they  will  not  be  able 
to  shut  their  eyes.  Of  all  the  many  wonderful  but  simple  in- 
ventions which  they  will  make  themselves,  and  which  are  un- 
known to  us,  the  discovery  of  a  single  one  at  the  present  time 
would  be  a  great  event.  They  will  probably  speak  to  one  another 
at  a  distance  without  any  artificial  connection  between.  They 
will  probably  be  able  to  see  one  another's  actions  at  great  dis- 
tances, just  as  if  they  were  close  together. 

However,  it  is  not  only  by  the  study  of  the  few,  but  also  by 
the  intelligent  observation  of  the  many,  that  discoveries  are 
brought  about.  We  must  give  to  every  unit  of  the  population 
a  chance  of  becoming  a  Watt  or  a  Faraday.  It  is  by  the  spread 
of  education  among  the  masses  of  the  people  that  we  are  hasten- 
ing the  discovery  of  new  civilizing  agents.  The  history  of 
electrical  engineering  during  the  last  twenty  years  is  one  of 
the  best  illustrations  that  can  be  given  of  the  fact,  that  for 
many  people  to  have  some  knowledge,  however  low  in  level  it 
may  be,  is  as  necessary  to  the  development  of  discovery  as  for  a 
few  people  to  have  knowledge,  however  high  in  level.  Very 
slow  and  difficult  has  the  progress  been  since  the  beginning  of 
this  century,  when  the  electric  arc  was  discovered  ;  since  Fara- 
day's discovery  of  electro-magnetic  induction,  which  is  the  prin- 
ciple of  all  dynamo-electric  machines ;  since  Grover  invented 
his  gas  battery,  Ritter  his  secondary  piles,  and  Plants  the  germ 
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of  the  modern  accumulator.  But  between  i860  and  1870, 
mainly  in  consequence  of  the  work  done  by  the  Science  and 
Art  Department,  a  working  knowledge  of  the  principles  of  the 
science,  which  until  then  had  only  been  known  to  a  few  people, 
became  the  property  of  thousands  of  mechanics,  and  it  may  almost 
be  said  that  the  rate  of  progress  in  electrical  discovery  became 
proportional  to  the  number  of  people  who  had  some  electrical 
knowledge.  The  small  magneto-electric  machine,  regarded  as  a 
toy  for  giving  shocks,  led  to  the  machine  invented  by  Wilde,  in 
1866,  in  which  excited  electro-magnets  were  employed.  In  that 
year  Varley  and  others  made  independently  one  of  the  grandest 
discoveries  of  the  century,  and  presently  a  machine  was  in  use 
which  excited  its  own  field  magnets,  the  type  of  all  dynamo- 
machines  since  that  time.  With  this  principle  of  Varley,  and 
using  the  form  of  armature  employed  by  Pacinotti  in  i860. 
Gramme  invented,  in  1871,  his  famous  continuous  current  gen- 
erator, which  has  revealed  to  the  world  how  much  electrical 
power  is  obtainable  from  a  small  machine. 

The  world  has  seldom  seen  such  a  period  of  scientific  unrest 
as  occurred  from  1878  to  1889;  but  amidst  the  multitudes  of 
discoveries  and  inventions  which  are  the  products  of  that  restless 
period,  there  are  few  which  were  made  by  the  mathematical  lead- 
ers. Most  of  them  may  be  regarded  as  the  results  of  the  demand 
which  the  workmen  had  already  begun  to  make  for  a  clear 
knowledge  of  the  principles  which  underlie  their  operations. 
There  were  thousands  of  workmen  who  were  continually  asking 
for  advice,  or  for  more  knowledge  of  what  was  already  known  to 
the  few ;  and  the  few  aroused  themselves,  and  put  their  knowl- 
edge in  simpler  and  more  exact  forms  before  the  world ;  still 
discoveries  and  inventions  were  made  not  by  the  learned  few, 
but  by  the  fortunate  few  of  the  unlearned  many.  We  had  the 
Gramme  and  Siemens  dynamo-machines,  followed  rapidly  by  a 
hundred  others,  so  much  alike  in  principle,  that  when  one  is 
clearly  understood  the  principle  of  another  is  known  after  a  very 
short  examination.  What  was  wanted  for  the  proper  working  of 
an  arc  electric  light  became  known  to  the  many ;  and  in  a  short 
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time  hundreds  of  interesting  methods  of  regulating  the  electric 
light  were  abroad.  That  a  filament  of  carbon  in  a  state  of  in- 
candescence from  the  passage  of  an  electric  current  could  be 
used  as  a  lamp  had  been  known  to  the  few  for  many  years ;  but 
immediately  after  this  fact  became  generally  known  hundreds  of 
incandescent  lamps  were  invented. 

It  is  to  be  observed  that  in  attempting  to  put  electric  princi- 
ples before  the  general  reader,  the  fact  that  these  principles  are 
essentially  of  a  mathematical  character  cannot  be  ignored.  It  is 
true  that  in  applications  of  electricity,  as  in  applications  of  me- 
chanics, the  student  is  often  able  to  arrange  apparatus  with  which 
many  curious  phenomena  may  be  observed,  without  his  having 
much  knowledge  of  electrical  or  mechanical  magnitudes;  but 
there  can  be  no  doubt  that  there  is  an  immense  waste  of  time 
and  knowledge  due  to  attempts  of  this  kind.  Without  a  quan- 
titative knowledge  of  scientific  principles,  we  have  students 
seeking  for  the  elixir  of  life,  the  philosopher's  stone,  and  per- 
petual motion.  The  old  alchemists  certainly  made  discoveries, 
and  the  search  for  perpetual  motion  has  led  to  great  advancements 
in  science,  or,  if  to  nothing  else,  to  the  knowledge  that  there 
cannot  be  perpetual  motion.  It  is  also  quite  true  that  if  Mr. 
Graham  Bell  had  been  well  acquainted  with  Fourier's  mathemat- 
ical analysis,  he  would  have  scorned  to  make  the  experiments 
which  led  to  the  discovery  of  the  telephone.  We  are,  however, 
too  much  in  the  habit  of  forgetting  how  numerous  are  the  exper- 
imenters of  this  order  who  discover  nothing  whatever,  and  whose 
time  is  completely  wasted  ;  and  it  may  be  laid  down  as  a  general 
rule  for  electrical  students,  that  he  who  has  not  a  quantitative 
knowledge  of  the  principles  of  electrical  science  will  only  waste 
his  time  in  making  original  experiments. 

To  get  exact  ideas  in  any  department  of  physics  we  have  one 
firm  foundation  to  build  upon,  namely,  that  a  certain  amount  of 
energy,  or  power  of  doing  work,  remains  always  the  same,  how- 
ever it  may  change  its  form.  We  have  many  sources  of  elec- 
tricity: the  rubbed  plate-glass  machine,  the  induction  machine, 
the  voltaic  cell,  the  thermo-pile,  the  magneto-electric  machine^ 
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the  dynamo-electric  machine,  and  others.  To  all  these  some 
form  of  energy  is  given,  and  they  convert  this  energy,  badly  or 
well,  into  electric  energy.  To  the  first  two  and  the  last  two  of 
those  mentioned,  mechanical  energy  is  given  by  hand  or  from  a 
steam-engine,  and  this  mechanical  energy  is  converted  partly  into 
heat,  which  may  be  regarded  as  a  loss,  and  partly  into  the  elec- 
tric energy  which  we  require ;  but  the  electric  energy  is  less  in 
amount  than  the  mechanical  energy  given  to  the  machine.  In  a 
voltaic  cell  zinc  is  burned ;  that  is,  what  may  be  called  chemical 
energy  is  used  up,  and  electrical  energy  is  given  out.  In  the 
thermo-pile  again,  heat  energy  is  given  to  the  pile,  part  of  it  being 
given  out  as  electrical  energy. 

Joule's  experiments  tell  us  that  any  generator  gives  out  exactly 
as  much  energy  as  is  given  to  it,  but  much  appears  in  the  form 
of  heat,  so  that  it  is  the  object  of  an  inventor  to  construct  a 
generator  of  electrical  energy  which  shall  give  out  as  much  as 
possible  of  the  energy  supplied  to  it  in  the  form  of  electrical  en- 
ergy. A  clear  distinction  must  be  made  between  electricity  and 
electrical  energy.  A  miller  does  not  merely  speak  of  the  quantity 
of  water  in  hb  mill-dam ;  he  has  also  to  consider  the  height 
through  which  it  can  fall.  A  weight  of  one  thousand  pounds, 
£Uling  through  a  distance  of  one  foot,  represents  the  same  en- 
ergy, that  is,  can  give  out  the  same  amount  of  work  in  falling, 
as  one  pound  through  one  thousand  feet.  A  mere  state- 
ment, then,  of  the  quantity  of  electricity  given  out  by  a  machine 
is  insufficient ;  it  is  also  necessary  to  state  what  is  the  height  or 
difference  of  potential  through  which  it  is  falling.  The  quantity 
of  electricity  in  a  thur.der-cloud  is  comparatively  small,  but  the 
difference  of  potential  through  which  this  quantity  passes  when 
discharge  occurs,  is  exceedingly  great.  So  it  is  with  the  two 
factors  of  the  electrical  energy  developed  by  a  glass-plate  ma- 
chine. The  quantity  of  electricity  obtainable  from  the  machine 
per  second  is  comparatively  small,  but  it  is  like  a  small  quantity 
of  water  at  an  exceedingly  great  height ;  whereas,  in  the  other  ma- 
chines mentioned,  we  have,  in  the  analogy  of  the  miller,  a  very 
great  quantity  of  water  and  a  very  small  difference  of  level. 


ivi 
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The  water  analogy  is  very  useful,  because  everybody  has  fairly 
exact  notions  about  water,  and  because,  within  certain  limits, 
the  analogy  is  a  true  one.   The  following  table  gives  it  more  fully . 


Water. 

1.  Steam-pump  bums  coal  and  lifts 
water  to  a  high  level. 

2.  Energy  available  is,  amount  of 
water  lifted  X  difference  of  level. 

3.  If  we  let  all  the  water  flow 
away  through  a  channel  to  a  lower 
level  without  doing  work,  its  energy 
is  all  converted  into  heat  because  of 
frictional  resistance  of  the  pipe  or 
channel. 

4.  If  we  let  water  work  a  hoist  as 
well  as  flow  through  channels,  less 
water  flows  than  before,  less  power 
is  wasted  in  friction. 

5.  However  long  and  narrow  may 
be  the  channels,  water  may  be  brought 
from  any  distance,  however  great,  to 
give  out  almost  all  its  original  energy 
to  a  hoist.  This  requires  a  great 
head  and  small  quantity  of  water. 

6.  If  a  pump  produces  a  very  slow 
continuous  flow  of  water  in  an  end- 
less  pipe  which  may  or  may  not  work 
water-pressure  engines  by  its  motion, 
the  work  done  on  every  pound  of 
water  passing  through  the  pump  is 
called  the  total  available  head,  or 
pressure,  and  it  is  greater  than  the 
greatest  difference  of  pressure  observ- 
able l)etween  any  two  points  in  the 
circuit. 


EUciricity, 

1.  Generator  bums  zinc,  or  uses 
mechanical  power,  and  lifts  electricity 
to  a  higher  level  or  potential. 

2.  Energ^ravailable  is,  amount  of 
electricity  X  difference  of  potential. 

3.  If  we  let  all  the  electricity  flow 
through  a  wire  from  one  screw  of 
our  generator  to  the  other  without 
doing  work,  all  the  electrical  energy 
is  converted  into  heat  because  of  re- 
sistance of  the  wire. 

4.  If  we  let  our  electricity  work  a 
machine  as  well  as  flow  through 
wires,  less  flows  than  before,  less 
power  is  wasted  through  the  resist- 
ance of  the  wire. 

5.  However  long  and  thin  the 
wires  may  be,  electricity  may  be 
brought  from  any  distance,  however 
great,  to  give  out  almost  all  its  orig- 
inal energy  to  a  machine.  This  re- 
quires a  great  difference  of  potentials 
and  a  small  current. 

6.  If  a  generator  produces  a  flow 
of  electricity  in  a  circuit  which  may 
or  may  not  work  electro-motors,  the 
energy  given  to  every  unit  quantity 
(or  coulomb)  of  electricity  passing 
through  the  generator  is  called  the 
electro-motive  force  of  the  generator, 
and  it  is  greater  than  the  greatest 
difference  of  potential  observable  bC" 
tween  any  two  points  in  the  circuit. 


In  fact,  if  we  could  leave  out  of  account  the  kinetic  energy,  on 
energy  of  motion  of  water,  there  is  the  most  exact  agreement 
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between  the  laws  of  pumpsi  circuits  of  pipes,  and  water-pressure 
engines,  and  the  laws  of  electric  generators,  electric  circuits,  and 
electro-motors.  It  will  be  readily  understood  that  for  some  pur- 
poses it  is  necessary  to  have  our  electrical  energy  in  the  shape  of 
a  small  quantity  of  electricity  falling  through  a  great  difference 
of  potential,  and  that  for  other  purposes  we  must  have  a  great 
quantity  of  electricity  falling  through  a  small  difference  of  po- 
tential. 

When  we  possess  an  electric  circuit  from  a  generator,  we  are 
able  to  convert  the  electric  energy  into  other  forms  of  energy  at 
any  place.  In  every  part  of  the  circuit  some  heat  is  being  pro- 
duced, and  to  produce  a  high  temperature  at  any  place  it  is  only 
necessary  to  introduce  a  thin  wire,  say  a  platinum  wire  or  carbon 
filament.  Introducing  an  electro-motor  at  any  place  enables  us 
to  convert  the  electric  energy  into  mechanical  energy.  Thus  an 
electric  generator  receiving  mechanical  energy  from  a  steam-en- 
gine gives  out  electric  energy;  this  energy  can  be  conveyed 
many  miles  along  metallic  wires  to  an  electro-motor,  which  con- 
verts it  into  mechanical  energy  again. 

We  have  now  instruments  which  enable  us  to  measure  the  elec- 
tric power  of  the  distant  generator,  the  power  wasted  by  conver- 
sion into  heat  in  the  circuit,  the  electric  power  received  by  the 
motor  or  lamp,  or  other  useful  converter,  and  the  mechanical 
power  or  light  or  heat  given  out  by  the  motor  or  lamp ;  and  by 
easy  reasoning  we  find  out  what  are  the  conditions  for  the  most 
efficient  transmission  of  power. 

During  the  last  ten  years  the  progress  made  in  electric  engi- 
neering has  been  mainly  due  to  improvements  in  the  mechanical 
arrangements  of  dynamo  machines,  electro-motors,  arc  and  in- 
candescent lamps,  and  in  the  electric  supply  cables  used  in  gen- 
eral systems  of  electric  lighting  and  transmission  of  power. 
These  improvements  have  been  effected  almost  altogether  by  me- 
chanical engineers,  whose  knowledge  of  electrical  science,  ten 
years  ago,  was  insignificant.  There  can,  therefore,  be  no  doubt 
that  in  the  hands  of  the  numerous  body  of  practical  men  who  have 
a  pecuniary  interest  in  making  such  improvements,  electrical  engi- 
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neering  will  rapidly  become  more  important  to  the  community 
than  any  other  department  of  civil  engineering. 

John  Perry. 

MR.    JOHN  perry's  TABLE  OF  ELECTRICAL  MAGNITUDES. 

{Some  rather  approximate^ 
Resistance  of 

One  yard  of  copper  wire,  one-eighth  of  an 

inch  diameter 0.002  ohms. 

One  mile  of  ordinary  iron  telegraph  wire      .  10  to  20  '< 

Some  of  our  selenium  cells .        .         .        .  40  to  1,000,000  '< 

A  good  telegraph  insulator    •        •        •        .  4,000,000,000,000         '' 

Electro-motive  force  of 

A  pair  of  copper-iron  junctions  at  a  difference 

of  temperature  of  1^  Fahr.         .        •        .  0.000,01  Tcdto. 
Contact  of  zinc  and  copper  .        •        •        .  0.75  " 

One  Danieirs  cell I.I  " 

Mr.  Latimer  Clark's  standard  cell.        .        .1-45  '' 

Difference  of  potential  at  the  terminals  of  an 
incandescent  lamp  used  in  ordinary  light- 
ing    50  to  no  •« 

.    Board  of  Trade  limit  of  difference  of  poten- 
tial between  any  two  points  in  an  electric 
circuit  used  in  continuous  current  lighting    aoo  ^ 

Electro-motive  force  of  one  of  Dr.   De  la  Rue's 

batteries 11,000       ** 

Lightning-flashes probably  Hiany  millions  of 

volts. 
Currents  usually  measured--^ 

Using  electrometer almost  infinitely  small  cur- 
rents. 

Using  delicate  galvanometer         .        •        •  0.000,000,000,040  am- 
peres. 

Current  received  from  Atlantic  cable,  when 
25  words  per  minute  are  being  sent  .        .  0.000,001     amperes. 

Current  in  ordinary  land  teleg^ph  lines       .  0.003  " 

Current  through  an  ordinary  incandescent  lamp  0.5  to  I  ** 

Current  from  dynamo  machine  used  in  elec- 
tric lighting 5  to  500  ^ 
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In  any  circuit  containing  a  generator  of  electricity,  the  electro-motive  force 
of  the  generator  is  equal  to  the  current  in  amperes  multiplied  by  the  resistance 
of  the  circuit  in  ohms. 

The  resistance  (in  ohms)  of  any  piece  of  wire  forming  part  of  an  electric 
circuit,  is  equal  to  the  difference  of  potential  (in  volts)  between  its  ends  di- 
vided by  the  current  (in  amperes)  passing  through  it. 

Rate  of  production  of  heat  or  other  forms  of  energy  in  watts  (746  watts  = 
I  horse-power):  In  the  whole  of  a  circuit,  is  a  current  (in  amperes)  multi- 
plied by  the  electro-motive  force  (in  volts).  In  any  wire  forming  part  of  a 
circuit,  is  the  current  (in  amperes)  multiplied  by  the  difference  of  potential 
(in  volts)  between  the  ends  of  the  wire,  or  the  square  of  the  current  (in  am- 
peres) multiplied  by  the  resistance  (in  ohms). 

In  a  20-candle  incandescent  light  we  find  that  75  watts  are  usually  ex- 
pended. 

Rate  at  which  electric  energy  is  given  to  an  electro-motor,  is  the  difference 
of  potential  at  the  terminals  of  the  motor  (in  volts)  multiplied  by  the  current 
(in  amperes).  This  energy  is  converted  partly  into  heat  and  partly  into  me- 
chanical energy  by  the  motor. 

Rate  at  which  electric  energy  is  being  given  out  by  a  generator,  is  the  dif- 
erence  of  potential  at  its  terminals  (in  volts)  multiplied  by  the  current  (in  am- 
peres). 


MAGNETISM. 

Although  magnetism  and  electricity  are  treated  in  dictionaries 
and  cyclopaedias  under  different  headings,  it  will  be  observed  by 
any  one  who  has  read  the  preceding  history  of  the  discovery  and 
application  of  electricity  that  the  development  of  our  knowledge 
of  magnetism  is  so  interwoven  with  that  of  electricity — that  the 
history  of  one  is  really  the  history  of  the  other,  and  were  we  to 
write  in  detail  the  history  of  magnetism,  the  same  names  pre- 
cisely would  occur  as  appear  in  the  preceding  pages,  with  the 
exception  of  that  part  relating  to  the  mariner's  compass.  Since 
it  has  gradually  come  to  the  knowledge  of  scientists  that  the 
earth  itself  is  a  huge,  irregular  magnet,  charged  by  the  solar 
rays,  it  is  now  generally  believed  that  magnetism  is  primarily 
but  a  consequence  of  a  dynamic  electricity,  or  the  more  or  less 
permanent  effect  on  certain  substances  of  an  electrical  disturb- 
ance, instead  of  being  a  separate  and  distinst  series  of  phenom- 
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ena.  We,  however,  for  the  satisfaction  of  our  readers,  give  a 
very  brief  description  of  magnetism. 

Six  centuries  before  the  Christian  era  it  was  known  to  the 
Greeks  that  a  certain  mineral,  commonly  called  lodestone,  pos- 
sesses two  very  remarkable  properties.  In  the  first  place,  it  has 
the  power  of  attracting  iron,  and  in  a  lesser  degree  some  other 
substances — more  especially  the  two  metals,  nickel  and  cobalt — 
with  a  force  which  is  greater  beyond  all  comparison  than  the 
attraction  of  gravitation,  which  is  always  exerted  between  two 
portions  of  matter.  In  the  second  place,  when  a  portion  of  it 
is  suspended,  so  that  it  can  turn  freely  in  any  direction ;  for  ex- 
ample, if  it  is  hung  up  by  a  thread  passing  through  its  centre  of 
gravity,  it  always  assumes  a  certain  definite  direction  at  a  given 
place  on  the  earth's  surface.  These  properties  may  be  commu- 
nicated to  pieces  of  iron  or  steel  by  simply  rubbing  them  in  a 
certain  definite  manner  with  a  piece  of  lodestone.  In  the  case 
of  very  soft  iron,  however,  the  properties  so  communicated  are 
very  soon  lost  again. 

Any  substance  which  has  these  properties  is  called  a  magnet, 
and  the  action  of  communicating  this  property  to  iron  is  called 
magnetizing  it.  The  lodestone  is  a  chemical  compound  of  the 
the  metal  iron  with  the  gas  oxygen,  and  on  account  of  its  pos^ 
sessing  the  two  properties  mentioned  it  is  also  known  as  mag- 
netic iron  ore,  or  magnetic  oxide  of  iron. 

Humboldt,  in  the  *'  Cosmos,"  tells  us  that  three  centuries  be- 
fore the  Christian  era  the  Chinese  caravans  were  guided  on  their 
journeys  across  the  trackless  wastes  of  Tartary  by  means  of  a 
little  human  figure  revolving  upon  a  pivot,  and  holding  in  its 
outstretched  hand  a  fragment  of  lodestone,  so  placed  that  its  arm 
always  pointed  to  the  south. 

I^rge  magnets  are  not  now  manufactured  by  rubbing  iron 
with  lodestone,  because,  as  explained  in  the  body  of  this  book, 
the  electric  current  provides  a  means  of  magnetizing  iron  and 
steel  very  much  more  powerfully  than  would  be  possible  merely 
by  aid  of  the  lodestone.  The  process  of  magnetizing  by  rub- 
bing is  however  still  frequently  employed  as  a  convenient  method 
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of  making  small  magnets,  as  a  piece  of  steel  or  iron  may  be 
magnetized  by  rubbing  it  with  any  other  magnet,  whether  this 
be  a  lodestone  or  an  artificial  magnet.  By  the  aid  of  a  mod- 
erately strong  magnet  and  a  few  steel  sewing  needles,  it  is  easy 
to  make  a  series  of  experiments  on  the  principal  properties  of 
magnets. 

There  are  several  ways  in  which  a  needle  may  be  rubbed 
with  a  magnet  in  order  to  magnetize  it,  the  simplest  of  these 
being  to  stroke  the  needle  always  in  the  same  direction  from 
end  to  end  with  the  same  end  of  a  steel  magnet  made  in  the 
shape  of  a  straight  or  bent  bar.  If  two  needles  are  magnet- 
ized in  this  way  and  hung  up  by  threads,  so  that  they  can 
move  freely,  or  if  they  are  fixed  in  small  slips  of  cork,  and 
allowed  to  float  on  the  surface  of  water,  it  will  be  found  that  the 
needles  will  turn,  so  that  two  definite  ends  are  juxtaposed, 
after  which  they  will  approach  each  other  until  they  come  into 
contact.  If  both  the  needles  are  reversed,  so  that  the  opposite 
ends  of  each  are  brought  together,  they  will  again  attract  each 
other ;  but  if  one  of  the  needles  is  reversed  the  needles  will 
be  found  to  repel  each  other. 

Repeat  this  experiment,  magnetizing  the  two  needles  by  strok- 
ing them  from  the  eye  to  the  point  with  one  end  of  the  magnet 
which  has  been  marked.  Then  hang  the  needles  up,  and  it 
will  be  found  that  the  two  points,  if  brought  together,  will 
repel  each  other,  and  the  two  eyes,  if  brought  together,  will 
also  repel  each  other;  but  a  point  and  an  eye  will  attract 
each  other.  It  is  clear,  therefore,  that  there  is  a  distinction 
between  the  two  ends  of  the  needles,  and  also  that  similar  ends 
repel  each  other,  while  dissimilar  ends  attract  each  other.  The 
ends  of  the  magnetized  needles  are  commonly  called  poles. 

Bring  the  marked  end  of  the  magnet  which  was  used  to  mag- 
netize the  needles  near  to  the  point  of  either  needle,  suspended 
by  its  thread,  and  it  will  be  found  that  the  needle  will  be  at- 
tracted, showing  that  the  end  of  the  needle  last  rubbed  by  the 
magnet  becomes  of  opposite  polarity  to  that  of  the  end  of  the 
magnet  with  which  it  was  rubbed.      If  the  marked  end  is 
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brought  to  the  eye  of  the  needle,  repulsion  will  take  place.  The 
unmafked  end  of  the  magnet  will  be  found  to  attract  the  eye  of 
either  needle  and  repel  the  point. 

Hang  up  a  magnetized  needle  by  means  of  a  thread  passing 
through  its  centre  of  gravity,  which  should  have  been  determined 
before  it  was  magnetized,  since  the  process  of  magnetization 
tends,  as  has  been  pointed  out,  to  set  it  in  a  certain  definite  po- 
sition, and  therefore  interferes  with  the  determination.  The 
needle  will  then  set  itself  in  a  vertical  plane,  making  a  small 
angle  with  the  plane  of  the  geographical  meridian,  and  the  end 
of  the  magnet  which  turns  towards  the  north  will  point  down- 
wards towards  the  ground,  making  an  angle  of  between  60® 
and  70^  with  the  horizon.  Suppose  that  the  marked  end  turns 
towards  the  north,  this  is  then  called  the  north,  or  north-seek- 
ing pole  of  the  magnet. 

If  the  original  magnet,  or  either  of  the  magnetized  needles, 
is  dipped  into  iron  filings,  it  will  attract  them,  and  a  number 
of  iron  filings  will  adhere  to  each  end  of  the  magnet ;  but  it 
will  generally  be  found  that  none  will  adhere  to  the  middle. 

Bring  the  head  of  a  soft  iron  nail  into  contact  with  the  marked 
pole  of  the  magnet,  and  it  will  be  found  that  as  long  as  the  iron 
nail  is  in  contact  with,  or  close  to,  the  end  of  the  magnet  it  is 
capable  of  attracting  iron  filings.  Moreover,  if  one  of  the  sus- 
pended needles  is  brought  near  to  the  point  of  the  nail,  the 
latter  will  be  found  to  attract  the  point  of  the  needle,  and  repel 
the  eye,  showing  that  the  nail  has  become  a  magnet,  and  that 
the  end  in  contact  with  the  marked  pole  of  the  magnet  has  be- 
come a  pole  dissimilar  to  the  marked  pole.  If  a  piece  of  hard 
steel  were  used  instead  of  the  iron  nail,  it  would  be  found  to  be 
less  strongly  magnetized  while  in  contact  with  the  magnet ;  but 
on  removing  it  from  the  neighborhood  of  the  magnet  it  would 
be  found  to  retain  all  its  magnetism,  while  the  soft  iron  nail 
would  have  lost  almost  every  trace.  The  process  of  magnetizing 
a  piece  of  iron  by  bringing  it  into  the  neighborhood  of  a  magnet 
is  called  magnetic  induction. 

If  a  long  steel  knitting-needle  is  magnetized,  and  broken  into 
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t  ntmiber  of  pieces,  it  will  be  found  that  each  separate  piece  is  a 
magnet,  and  that  the  ends  of  two  pieces  which  were  originally  in 
contact  are  of  opposite  polarity. 

This  suggests,  as  a  possible  explanation  of  magnetic  induction, 
the  theory  put  forward  by  the  German  physicist,  Weber.  This 
theory  has  obtained  general  acceptance,  and  may  now  be  con- 
sidered as  raised  from  the  rank  of  an  hypothesis  to  that  of  an 
established  fact.  We  must  first  premise  that  a  substance  which 
is  capable  of  experiencing  any  force  in  virtue  of  the  magnetism 
of  neighboring  bodies  is  called  a  magnetic  substance.  Iron  is 
beyond  all  comparison  the  most  powerful  magnetic  substance. 
After  iron,  and  a  very  long  way  after  it,  come  the  minerals 
nickel  and  cobalt ;  and  the  sensitive  magnetic  instruments  which 
are  now  in  the  hands  of  investigators  indicate  that  it  is  almost 
impossible  to  find  any  substance  which  is  not  more  or  less  mag- 
netic— ^that  is  to  say,  which  is  not  more  or  less  susceptible  to 
magnetic  action. 

Weber  supposes  that  every  one  of  the  molecules  of  which  a 
magnetic  substance  is  built  up  is  itself  a  magnet ;  but  that  the 
axes  of  these  small  magnets  are  turned  in  every  possible  direc- 
tion. The  magnetic  actions  of  the  molecules  will  then  neutralize 
one  another,  so  that  the  body  will  not  act  as  a  magnet ;  but  if 
either  pole  of  a  magnet  be  brought  near  to  it,  this  pole  will  at- 
tract the  unlike  poles  of  the  molecules,  and  will  repel  the  like 
poles,  so  that  the  molecules  will  tend  to  arrange  themselves  with 
their  north  poles  pointing  one  way  and  their  south  poles  point- 
ing the  other  way.  The  molecules  will  then  act  together,  and 
will  form  a  magnet  with  the  portion  nearest  to  the  pole  of  the 
inducing  magnet  of  unlike  polarity  to  it.  It  will  be  of  interest 
to  consider  one  or  two  experiments  which  help  to  establish  the 
truth  of  this  theory. 

Take  an  iron  or  steel  bar — such,  for  example,  as  a  poker — and 
hold  it  parallel  to  the  direction  assumed  by  a  freely  suspended 
magnetic  needle;  we  should  expect,  if  the  poker  were  built  up 
of  magnetic  molecules,  that  each  molecule  would  try  to  set  itself 
in  a  direction  parallel  to  that  of  the  suspended  needle,  for  we 
should  expect  the  earth  to  act  upon  each  molecule  in  exactly  the 
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same  way  in  which  it  acts  upon  a  suspended  magnet.  The  di- 
rection assumed  by  a  freely  suspended  magnet  in  this  part  of  the 
world  is  not  very  far  removed  from  the  vertical,  so  we  should 
expect  to  obtain  a  very  fairly  good  result  by  simply  holding  the 
poker  in  a  vertical  position.  Now,  if  the  poker  is  merely  held 
for  a  few  moments,  either  parallel  to  the  suspended  magnetic 
needle,  or  simply  vertical,  and  then  tested  for  magnetism  by 
trying  whether  either  end  of  it  has  the  power  of  repelling  either 
end  of  a  suspended  magnet,  it  will  be  found,  provided  the  poker 
was  not  magnetized  previous  to  the  experiment,  that  it  will  not 
have  acquired  any  sensible  magnetic  properties.  Steel  railings, 
however,  which  have  remained  for  many  years  in  a  vertical  posi- 
tion have  frequently  been  observed  to  have  acquired  magnetic 
properties,  the  lower  end  having  become  a  north  pole,  as  we 
should  expect,  if  Weber's  theory  is  true.  Now,  it  must  be  re- 
membered that  all  the  molecules  of  the  poker  are  closely  packed 
together,  and  it  is  therefore  quite  possible  that  the  earth  may 
exert  a  force  tending  to  set  them  in  a  definite  direction,  but  that 
this  force  may  not  be  strong  enough  to  overcome  the  cohesion 
of  the  molecules. 

A  novel  application  of  electricity  for  power  purposes  in  blast- 
furnace work  was  exhibited  recently  in  Pittsburgh,  and  was  nota- 
ble chiefly  for  the  extreme  simplicity  of  the  principle  involved. 
The  apparatus  was  nothing  more  than  a  powerful  electro-magnet, 
designed  for  lifting  the  pigs  of  iron  from  the  bed  of  sand  in 
which  they  are  cast  from  the  furnace.  The  magnet  somewhat 
resembled  a  bell  in  shape,  measuring  about  twenty  inches  in 
height  and  about  twenty-four  inches  across  the  bottom.  The 
lifting  capacity  was  rated  at  7,200  pounds,  or  three  gross  tons. 
The  magnet  was  attached  to  a  crane,  by  which  it  could  be  low- 
ered to  the  pig  bed,  raised  with  its  load  and  transported  about 
the  cast-house.  The  function  of  the  magnet  was  merely  to  do 
away  with  slings  or  grapples  for  lifting  the  pig-iron  and  to  obvi- 
ate the  necessity  of  handling  the  pigs  by  hand.  So  far  as  the 
rapidity  and  ease  with  which  a  load  could  be  attached  or  released 
are  concerned,  this  idea  certainly  presents  a  means  of  economy. 
Its  practical  value,  however,  awaits  demonstration  (1891). 
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CHAPTER  I. 

CURRENT— POTENTIAL— CONDUCTORS— -INSULATORS. 

When  a  stick  of  sealing-wax  is  rubbed  with  a  piece  of  diy  fur  or 
flannel,  the  wax  acquires  the,powcr  of  attracting  to  itself  any  Kght 
substances  that  may  be  in  its  vicinity.  By  taking  suitable  precau- 
tions  a  like  power  can  be  detected  in  the  fur  or  flannel  Similar 
phenomena  can  also  be  produced  by  the  rubbing  together  of 
other  substances,  such  as  glass  and  silk,  india-rubber  and  silk, 
brown  paper  and  a  bristle  clothes-brush,  &c  A  body  which 
exhibits  this  power  of  attraction  is  said  to  be  endowed  or  charged 
.with  electricity,  or  to  be  electrified. 

But  there  are  two  electrical  states,  and  this  can  be  easily  proved, 
for  if  by  means  of  a  foot  or  so  of  silk  ribbon  we  suspend  the  elec- 
trified  sealing-wax  and  bring  near  it  another  electrified  stick  of  seal- 
ing-wax,  repulsion  ensues,  that  is  to  say,  the  suspended  rod  recedes 
from  the  approaching  one.  On  the  other  hand,  if  certain  neces- 
sary  precautions  have  been  taken  to  prevent  the  neutralisation  or 
escape  of  the  electricity  that  was  generated  on  the  fur  or  flannel 
rubber,  it  will  be  seen,  on  bringing  it  near  the  suspended  sealing- 
wax,  that  attraction  takes  place.  A  similar  result  would  foUow  if 
a  warm  glass  rod  were  rubbed  with  a  piece  of  dry  silk  and  then 
brought  near  the  sealing-wax.  On  suspending,  however  the 
electrified  glass  and  bringing  the  electrified  fur  near  it,  repulsion 
would  take  place.  .It  is  manifest,  then,  that  as  electrified  glass 
attracts  electrified  sealing-wax,  buv  is  repeUed  by  or  repels  eloitri- 
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fied  fur,  there  are  two  electrical  states,  one  on  the  sealing-wax, 
which  is  called  negative,  and  the  other  on  the  fur,  which  is 
called  positive.  It  is  also  clear  that  bodies  similarly  electri- 
fied are  mutually  repellent,  while  bodies  dissimilarly  electrified 
are  mutually  attractive.  This  matter  will  again  be  referred  to, 
but  the  point  to  which  especial  attention  is  now  directed  is  that 
the  amount  of  electricity  developed  by  rubbing  the  two  bodies — 
say  the  sealing-wax  and  the  fur— together  bears  no  direct  relation 
to  the  amount  of  actual  friction  to  which  the  bodies  are  subjected, 
for  what  is  really  essential  in  order  to  obtain  the  highest  possible 
degree  of  electrification  is  to  bring  every  portion  of  the  one  surface 
into  intimate  contact  with  every  superficial  particle  of  the  other, 
and  when  that  is  done,  no  extra  amount  of  rubbing  can  develop 
any  further  degree  of  electnfication. 

Speaking  generally,  then,  it  may  be  said  that  when  any  two 
bodies  are  rubbed  together  electricity  is  produced,  although  it 
frequently  happens  that  the  amount  is  so  small  as  to  render  its 
detection  very  difficult.  If,  however,  delicate  apparatus,  which  we 
will  not  pause  here  to  describe,  is  employed,  very  feeble  charges 
can  be  indicated.  In  fact,  if  a  piece  of  zinc  and  a  piece  of 
copper  are  simply  placed  m  contact  the  feeble  charge  of  elec- 
tricity then  developed  can  easily  be  rendered  evident  If  the 
same  pieces  of  metal  are  placed  in  saline  or  acidulated  water,  a 
similar  result  follows,  although  in  this  case  the  water  itself  becomes 
an  important  factor  in  determining  the  resultant  electrification. 
The  end  of  the  zmc  outside  the  liquid  will  be  found  to  possess 
properties  similar  to  those  of  the  sealing-wax  after  it  has  been 
rubbed  with  fur.  It  is,  therefore,  said  to  be  negatively  electrified. 
The  copper,  on  the  other  hand,  will  have  an  electrical  state  similar 
to  that  of  the  fur  itself,  or  of  the  glass  which  has  been  rubbed 
with  silk,  and  it  is  therefore  said  to  be  positively  electrified. 

It  follows  that  whether  the  electricity  is  the  result  of  so-called 
friction  or  whether  it  is  a  consequence  of  the  simple  contact  of 
two  dissimilar  bodies,  it  is  with  precisely  the  same  kind  of  force 
that  we  have  to  deal,  and  the  old  distinction  between  *  frictional ' 
and  *  galvanic '  electricity,  which  used  to  be  urged  with  consider- 
able persistence,  is  virtually  a  myth.  The  quantity  of  electricity 
may  vary,  and  we  may  view  it  in  its  two  phases,  positive  and 
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negative,   but  neither  of  these  considerations^can:  affect,  the 

character  of  the  force.  _ 

It  may  be  accepted  as  a  general  fact  that  when  the  same  kind 
of  force  is  bestowed  upon  two  points  or  bodies,  but  to  a  different 
extent  in  the  one  case  as  compared  with  the  other,  there  is  a 
universal  tendency  to  equalise  the  distribution  of  the  force— that 
is  to  say,  to  produce  equilibrium,  and  this  equilibrium  will  be 
established  when  the  conditions  become  such  as  to  render  it 
possible.  Reverting  again  to  the  zinc  and  copper  plates  partly 
immersed  in  water,  the  exposed  ends  will  be  electrified  to  dif- 
ferent degrees.  There  will  be  a  tendency  to  produce  equilibrium, 
or,  as  it  is  more  generally  called,  neutralisation.  This  will  be 
accomplished  if  the  necessary  facilities  arc  afforded,  and  until 
this  is  done  the  intervening  space  will  be  subjected  to  what  may 
be  called  an  electrical  stress.  It  is  found  by  experiment  that  a 
piece  of  metal  affords  the  readiest  means  of  relieving  the  strain 
due  to  this  stress,  thus  facilitating  neutralisation,  for  on  joining 
the  two  plates  together,  say  by  a  piece  of  copper  wire,  a  momen- 
tary rush  of  electricity  from  the  one  to  the  other  will  take  place. 
This  phenomenon  is  that  which  is  generally  known  as  discharge, 
and  it  affects  the  whole  combination,  including  the  liquid  and  the 
metal  surfaces  in  contact  with  it. 

This  brief  spasmodic  flow  or  rush  of  electricity,  whose  function 
it  is  to  restore  the  electnoil  equilibrium,  causes,  however,  a  series 
of  chemical  changes  to  take  place  in  the  liquid  itself,  among 
other  things  a  portion  of  the  zinc  being  dissolved  and  converted 
into  what  is  called  a  salt  of  that  metal.  These  chemical  reactions 
cause  in  their  turn  a  fresh  electrical  difference  between  the  plates, 
which  is  followed  immediately  by  another  equilibriating  flow,  and 
that  by  a  further  difference,  and  so  on.  These  changes  follow 
one  another  in  exceedingly  rapid  succession,  so  rapid,  in  fact, 
that  it  is  a  matter  of  absolute  impossibility  to  distinguish  them 
separately,  and  we  have  consequently  what  a|ipears  to  us  as,  and 
what  is  known  as,  a  continuous  *  current '  of  el<»itricity. 

A  little  reflection  will  make  it  evident  that  by  following  out 
the  line  of  experiment  and  deductions  here  indicated,  the  so-called 
single  and  double  fluid  theories  of  electricity  are  both  disregarded, 
not  simply  for  the  sake  of  disregarding  them,  but  because  they 
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are  unnecessary  and  involve  considerations  and  concessions 
which  are  not  warranted  by  the  circumstances.  In  point  of  fact, 
electricity  is  not  a  fluid  at  all,  and  only  in  a  few  of  its  attributes  is 
it  at  all  comparable  to  a  fluid 

Let  us  rather  consider  electricity  to  be  a  condition  into  which 
material  substances  are  thrown,  and  that  all  such  substances 
partake  more  or  less  of  this  condition,  just  as  we  say  that  all  bodies 
are  heated,  although  to  varying  degrees,  and  that  in  virtue  of  this 
heat  their  particles  are  sei  into  more  or  less  rapid  vibration. 

Moreover,  as  in  the  case  of  a  heated  body,  there  is  a  region 
surrounding  an  electrified  body  in  which  the  force  due  to  the 
tendency  to  produce  electrical  equilibrium  Can  be  made  evident 
This  is  shown  by  the  fact  already  referred  to  that  two  bodies  in  a 
similar  electrical  state  repel  one  another,  while  others  in  different 
electrical  states  attract.  It  is  inconceivable  that  such  an  eflect  as 
the  imparting  of  motion  to  a  mass  of  matter  could  be  produced 
without  the  aid  of  some  medium  capable  of  transmitting  the 
force.  What  this  medium  actually  is  is  a  matter  of  doubt,  and 
we  cannot  experimentally  determine  the  question.  So  also  is  the 
mode  or  method  of  transmission.  Under  such  circumstances  it 
becomes  convenient  to  picture  to  ourselves  the  propagation  by 
means  of  lines  of  force^  travelling  through  an  infinitely  elastic, 
imponderable  medium,  or  substance,  as  it  is  sometimes  called, 
which  is  assumed  to  pervade  all  matter  and  all  space,  and  which 
is  known  as  '  ether.*  Granted  that  these  lines  of  force  may  have 
no  actual  existence,  the  conception  is,  nevertheless,  exceedingly 
useful,  and  facilitates  an  accurate  estimation  of  the  way  in  which 
electrical  phenomena  are  set  up,  so  much  so,  that  the  idea  im- 
perceptibly grows  upon  the  student  and  to  him  the  lines  of  force 
become  endowed  with  a  definite  meaning. 

There  are  three  features  about  these  lines  of  force  to  which 
we  may  now  draw  attention.  In  the  first  place,  their  assumed 
position  indicates  the  path  along  which  the  action  takes  place  ; 
secondly,  their  direction  indicates  the  direction  in  which  the  force 
is  transmitted  ;  and,  thirdly,  their  density,  or  the  number  occupying 
a  given  space,  measures  the  strength  or  magnitude  of  the  force. 
Having  given  to  these  li.nes  of  force  position,  direction,  and 
density,  we  can   predict  the  rQ»ult  which  should  follpw  in  anv 
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given  electrical  field.  For  the  action  is  always  as  if  the  lines  of 
force  endeavour  to  coincide  in  direction,  and  then  to  shorten 
themselves,  the  magnitude  of  the  action  being  simply  dependent 
upon  the  density  of  the.  lines. 

In  the  case  of  an  electrified  sphere  suspended  somewhere 
in  space  and  remote  from  every  disturbing  element,  the  lines  of 
force  would  be  radial  and  equidistant  in  j>osition,  their  density 
would  depend  upon  the  degree  of  the  electrification  or  the  quantity 
of  ^  the  charge,  while  their  direction,  that  is,  radially  inwards  or 
radially  outwards,  would  depend  upon  whether  the  charge  were 
negative  or  positive. 

Let  us  assume  a  positively  charged  sphere  to  be  suspended, 
with  its  lines  of  force  directed  outwards,  and  a  second  sphere, 
negatively  charged,  witli  its  inwardly  directed  lines  of  force,  to  be 
brought  into  the  vicinity  of  the  first  sphere  ;  it  will  be  evident  that 
many  of  the  lines  of  force  of  the  two  spheres  will  bend  or  turn 
round  and  concentrate  themselves  within  the  space  intervening 
between  the  spheres.  The  lines  of  force  will  now  be  similar  in 
direction,  and,  owing  to  the  shortening  tendency  above  referred 
to,  attraction  results. 

The  attraction,  presuming  it  to  be  sufficiently  strong,  will 
impart  motion  to  one  or  both  of  the  spheres,  or,  in  other  words, 
work  will  be  performed.  Now  this  capacity  for  doing  work  arises 
solely  from  the  electrification,  and  the  quantity  of  work  performed 
(s  proportional  to  the  degree  of  electrification.  But  '  capacity  for 
doing  work '  and  *  potential '  are  convertible  terms — that  is  to  say, 
anything  which  possesses  the  capacity  for  doing  work  is  said  to 
have  a  certain  potential,  consequently  the  degree  of  electrification 
of  any  body  is  known  as  its  potential.  We  have  previously  said 
that  the  tendency  to  produce,  between  two  electrified  points  or 
bodies,  a  state  of  electrical  equilibrium,  is  proportional  to  the 
difference  of  their  degrees  of  electrification.  In  technical  lan- 
guage this  means  proportional  to  their  difference  of  electrical 
potentials.  Therefore,  in  the  case  of  the  zinc  and  copper  plates 
immersed  in  acidulated  water,  the  flow  of  electricity  from  the 
exposed  end  of  the  copper  to  the  exposed  end  of  the  zinc  is 
correctly  described  as  being  due  to  a  difiereifce  of  potential 
between  those  ends. 
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If  the  student  has  grasped  what  has  already  heen~^said,  he  wiU 
be  able  to  readily  apply  the  doctrine  of  potential  to  special  cases ; 
for  example,  it  will  be  evident  that  no  two  parts*t>f  the  same  body 
(providing  it  is  one  that  can  transmit  or  propagate  the  flow  of 
electricity)  can  remain  for  any  length  of  time  at  different  poten- 
tials, for  the  moment  a  difference  of  potential  is  established  an 
electrical  stress  is  set  up,  and  the  flow  of  electricity  follows  as  a 
necesGCiry  or  natural  consequence.  On  the  other  hand,  where 
there  is  no  difference  of  potential  there  can  be  no  flow  of  elec- 
tricity. So  that  we  come  to  these  conclusions — viz.  that  electricity 
always  flows  between  two  bodies  which  are  at  different  poten- 
tials ;  that  it  flows  from  the  body  possessing  the  higher  to  that 
possessing  the  lower  potential ;  that  in  the  case  of  the  '  current ' 
maintained  by  the  'simple  cell,'  composed  of  zinc  and  copper 
plates  dipping  into  acidulated  water  and  described  in  a  previous 
page,  we  had  a  difference  of  potential  established  on  the  zinc  and 
copper  extremities ;  that  on  joining  these  extremities  together  there 
was  a  flow  of  electricity  to  produce  equilibrium ;  that  this,  by 
means  of  the  chemical  changes,  re-established  a  potential  differ-' 
ence  ;  and  that  these  actions  and  reactions,  being  alternated  with 
infinite  rapidity,  appear  to  us  as  a  continuous  current 

We  may,  therefore,  define  a  *  current '  as  the  expression  of  an 
effort*  ever  being  made  to  establish  electrical  equilibrium  between 
two  points  which  are  ever  being  electrified  to  different  potentials. 
Neither  of  these  objects  is  attained— that  is  to  say,  a  difference  of 
potential  is  never  permanently  established  on  the  one  hand,  and, 
on  the  other,  equilibrium  it  is  impossible  to  maintain. 

\jtX.  us  further  consider  the  case  of  the  simple  cell,  the  zinc 

and  copper  of  which,  however,  instead  of  being  joined  together, 

are  each  connected  to  long  pieces  of  wire,  whose  other  or  free 

extremities  are  inserted  in  the  earth  at  different  places.     It  used 

to  be  the  general  assumption  that  in  this  case  the  current  would 

flow  from  the  copper  plate  to  the  earth,  and  through  the  earth  to 

the  other  wire,  up  which  it  would  pass  and  so  return  by  the  zinc 

to  the  battery.      But  anything  more  unreasonable  than  such  an 

hypothesis  it   is  really  impossible  to  conceive.     To  demonstrate 

this  we  need  only  take  into  consideration  the  state  of  affairs  at 

the  Central  Telegraph  Office  in  London,  where  there  are  i,ooo 
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different  circuits  or  lines,  one  end  of  each  battery  being  joined  to 
the  same  earth  plate  under  the  office,  the  other  ends  being  joined 
to  the  respective  lines,  which  in  their  turn  are  joined  to  earth 
plates  at  tlie  distant  ends.  Viewed  in  its  real  aspect,  this  ^earth- 
return'  theory  compels  the  assumption  that  the  i,ooo  currents 
which  go  to  earth  at  as  many  different  places — some  at  Newcastle, 
some  at  Liverpool,  others  at  Cardiff,  Yarmouth,  &c,  others,  again, 
only  a  few  hundred  yjrfds  away  in  several  of  the  City  thorough-* 
fares — ^all  return  through  the  earth  to  the  earth  plate  or  connection 
under  the  Central  Office,  where  each  individual  current  has  to 
pass  the  other  999  currents  travelling  through  the  plate,  and  single 
out  the  particular  wire  joined  to  the  particular  battery  from  the 
other  end  of  which  it  emanated,  and  is  not  satisfied  or  has  not 
completed  its  work  until  it  thus  gets  safely  home  again.  It  will 
readily  be  seen  that,'4f  such  were  actually  the  state  of  affairs,  the 
laws  above  stated,  that  electricity  only  flows  under  a  difference  of 
potential  and  always  flows  when  there  is  that  difference,  would  be 
nullified. 

Like  everything  else  in  the  universe,  the  earth  itself  is  always 
more  or  less  electrified,  and,  as  a  consequence,  it  is  always  at  a 
certain  potential.  Jt  will  therefore  be  seen  that,  were  a  body 
Tifhich  had  been  electrified  to  a  higher  potential  than  the  earth  to 
be  connected  with  the  earth,  a  flow  of  electricity  would  take  place 
passing  from  that  body  to  the  earth,  so  that  both  the  body  and 
earth  assume  the  same  potential,  and  it  may  be  mentioned  that 
the  passage  of  this  flow  could  be  easily  observed  by  the  introduc- 
tion of  certain  apparatus.  On  the  other  hand,  were  a  body  to  be 
electrified  to  a  potential  lower  than  that  of  the  earth  and  to  be 
connected  with  it,  a  flow  of  electricity  would  be  determined 
between  the  earth  and  the  body,  and  the  passage  of  this  electricity 
could  also  be  rendered  evident.  Consequently,  when  copper  and 
zinc  strips  are  immersed  in  acidulated  water  ^nd  the  exposed 
ends  become  electrified,  the  one  to  a  higher  and  the  other  to  a 
lowep  potential  than  the  earth,  the  connection  of  those  extremities 
with  the  earth  causes  a  flow  of  electricity  from  the  plate  of  higher 
potential  to  the  earth,  and  from  the  earth  to  the  plate  of  lower 
potential.  These  flows  will  be  equivalent  to  joining  the  plates 
directly  together  and  so  releasing  the  electrical  stress. 
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Thus  is  it  with  every  battery :  the  potential  of  the  earth  is 
above  that  of  one  end  of  the  battery  and  below  that  of  the  other 
end.  There  is  then  no  need  for  a  current  to  flow  between  the 
two  earth-connections,  and  the  assumplion  of  such  a  state  of 
affairs  i«  quite  gratuitous.  It  must  not,  however,  be  supposed 
that  the  flow  of  electricity  from  or  to  the  earth  can  sensibly  affect 
its  charge  or  potential,  the  terrestrial  charge  as  a  whole  being  so 
enormous  as  to  make  any  other  charge  or  potential  incomparably 
feeble  and  insignificant.  To  make  this  clearer  we  will  employ  an 
analogy.  Let  us  suppose  that  we  have  tvco  tanks  containing 
water,  the  bottom  of  one  being  placed  ten  feet  above  the  level  of 
the  ocean,  and  the  other,  which  we  will  suppose  to  be  very  deep, 
immersed  until  the  surface  of  the  contained  water  is  ten  feet  below 
the  ocean  level.  If  now  we  suppose  holes  to  be  made  in  the 
bottoms  of  the  tanks,  all  the  water  will  flow  out  of  the  higher 
tank  into  the  sea  below,  while  water  will  flow  up  into  the  lower 
one  until  the  ocean  level  is  reached.  But  of  course  no  one 
would  contend  that  these  changes  would  make  any  difference  in 
the  level  of  the  surrounding  waters,  even  if  more  water  were 
received  from  the  higher  tank  than  was  given .  to  the  lower,  and 
what  is  true  in  this  case  is  equally  true  in  the  case  of  electricity. 
In  fact,  the  earth  is  a  ^dy  whose  capacity  for  electricity,  so  far 
as  we  are  concerned,,  is  infinite,  and  nothing  that  we  can  do  can 
alter  its  charge.  The  man  who  would  assert  that  whdn  he  joins 
one  end  of  his  battery  to  earth,  say,  at  London,  and  the  other 
end  to  earth,  say,  af  Aberdeen,  and  that  in  consequence  a  current 
floTfS  through  the  earth  from  one  connection  to  the  other,  asserts, 
in  fact,  although  he  may  not  know  the  significance  of  his  conten- 
tion, that  he  places  these  two  points  in  London  and  Aberdeen 
at  different  electrical  potentials.  He  might  as  *  reasonably  con- 
tend that  If  he  turns  on  his  water-tap  into  the  Thames  at  I^ndon 
and  digs  a  hole  in  the  bank  of  the  river  at  Windsor,  he  sets  up  a 
difference  of  level  between  the  two  places,  and  causes  the  water 
which  he  pours  in  at  London  to  travel  up'  against  the  stream  and 
fall  out  at  Windsor. 

We  come  now  to  a  real  difficulty  a  solution  of  which  is 
improbable,  although  it  is,  perhaps,  in  the  future  not  impossible — 
and  that  is,  to  be  able  to  say  with  certainty  in  which  direction  a 
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current  really  travels,  or,  in  other  words,  to  declare  which  of  two 
differently  electrified  bodies  lias  the  higher,  and  which  the  lower 
potential  All  we  can  say  with  any  certainty  is  that  there  is  a 
difference  of  potential,  and  that  therefore  the  current  flows  from 
the  point  of  higher  to  that  of  lower  potential  It  is  usual  to 
assume,  in  the  present  incomplete  and  imperfect  state  of  our 
knowledge  concerning  the  nature  and  propagation  of  electricity, 
that  the  electric  state  which  we  know  as  positive  has  a  higher  poten- 
tial than  that  state  which  we  know  as  negative,  whence  we  say,  or 
assume,  that  electricity  flows  from  a,  positively  electrified  fo  a 
negatively  electrified  body.  And  we  will  in  this  work  follow  this 
assumption,  true  or  otherwise,  as  it  involves  no  sacrifice  of  prin- 
ciples, notwithstanding  the  fact  that  experiments  have  been  per- 
formed which  tend  to  show  that  that  state  which  we  call  negative 
is  really  of  higher  potential  than  that  which  we  call  positive. 

Reference  has  several  times  been  made  to  the  use  of  wire  as  a 
means  of  connection  between  two  oppositely  electrified  bodies,  or 
between  two  bodies  at  different  potentials.  Were  we  desirous  of 
transmitting  mechanical  instead  of  electrical  energy,  a  hempen  or 
silken  cord  would  answer  equally  well,  if  due  provision  had  been 
made  that  the  cord  should  have  the  requisite  mechanical  strength 
or  tenacity  to  transmit  the  energy  without  fracture.  But  tenacity 
is  not  the  necessary  attribute  for  a  body  to  possess  in  order  that 
electricity  may  be  readily  propagated  through  i^.  All  substances 
admit  of  this  transmission,  although  to  very  varying  degrees.  A 
piece  of  coj>per  wire  offers  greater  facilities  than  a  piece  of  iron 
wire  of  similar  dimensions,  which  in  turn  offers  greater  facilities 
than  a  similar  piece  of  Gemnn-silver  wire.  But  the  metals  one 
and  all  are  enormously  superior  in  this  respect  to  the  great  bulk 
of  non -metallic  substances.  On  the  other  hand,  every  substance, 
whatever  its  nature,  offers  a  greater  or  less  amount  of  resistance 
to  the  transmission  of  electricity.  Bodies  which  offer  little  resist- 
ance to  the  electric  flow  are  said  to  be  good  conductors,  while 
those  which  offer  considera\>le  resistance  are  said  to  be  bad 
conductors  or  insulators.  To  the  former  class  belong  the  metals,, 
carbon,  ordinary  water,  &c.,  the  latter  class  including  such  sab- 
stances  as  glass,  air,  sulphur,  resin,  india-rubber,  and  ebonite. 
Between   these   two   classes   are  many   substances   which  mi^ht 
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be  included  in  either  class,  but  no  hard  and  fast  line  can  be 
drawn. 

It  has  been  shown  that  the  result  of  joining  directly  together 
two  bodies  electrified  to  different  potentials  is  a  fio-.T  of  electricity 
from  the  body  charged  to  the  higher  potential,  to  that  charged  to 
the  lower  until  electrical  equilibrium  between  the  two  bodies  is 
obtained.  And  a  similar  result  follows  if  we  join  the  bodies 
together  by  a  piece  of  wire  ;  while  if  they  have  only  air  or  some 
other  bad-conducting  substance  separating  them,  there  will  be  no 
flow  at  all,  or  only  a  very  feeble  one.  If  the  path  of  the  flow  is 
made  lunger,  or  more  difficult,  say  by  the  interposition  of  a  longer 
or  poorer  conductor,  it  naturally  follows  that  the  time  which  is 
taken  for  cc-iuilibrium  to  be  restored  is  lengthened,  and  the  rate  of 
restoration,  that  is,  the  strength  of  the  current.  Is  less.  But  if  the 
potential  difference  and  the  quantity  of  electricity  transferred  is 
the  same  in  the  two  cases,  the  energy  expended  in  the  effort  to 
restore  equilibrium  is  the  same. 

The  result,  then,  of  interposing  a  substance  of  poorer  con- 
ducting power,  or,  what  amounts  to  the  same  thing,  of  higher 
resistance,  between  two  bodies  having  a  potential  difference,  is  to 
reduce  the  strength  of  the  flow  or  current  passing  from  the  one  to 
the  other.  We  can  find  a  very  simple  analogy  to  this  if  we 
suppose  t'  o  tanks  of  water  at  different  heights  one  directly  above 
the  other.  So  long  as  the  bottom  of  the  higher  one  is  intact  the 
resistance  to  the  flow  of  water  from  it  to  the  other  is  practically 
infinite,  but  if  we  interpose  a  relatively  bad  conductor  of  the  water 
in  the  form  of  a  very  small  pipe  or  tube  between  the  water  in  the 
tanks,  there  will  be  a  correspondingly  weak  or  feeble  flow  of  water 
from  the  higher  to  the  lower  tank.  If  we  increase  the  size  or 
bore  of  the  pipe,  the  conducting  power  will  be  increased  propor- 
tionally, and  a  corresponding  increase  in  the  volume  of  the  water 
(or  in  the  strength  of  the  current)  flowing  will  be  observed. 
Pursuing  this  to  its  finality,  ii  ^he  bottom  of  the  upper  tank  is 
removed  instantaneously  there  will  result  an  equally  instantaneous 
fall  of  the  whole  of  the  water  in  the  tank.  Such  a  state  of  things 
can  easily  be  traced  between  two  bodies  charged  to  different 
electrical  potentials  and  connected  by  various  substances  whose 
conductiog  powers  range  from  the  almost  infinite^  great  to  the 
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almost  infinitely  small,  or,  in  other  words,  by  varying  the  amount 
of  resistance  which  is  here  shown  to  be  the  converse  or  reciprocal 
of  conductivity,  we  can,  in  a  corresponding  value,  vary  the  strength 
of*  the  current. 

To  summarise  our  observations  on  the  question  of  resistance, 
we  may  say  that  if  we  electrify  two  bodies,  connected  only  by  the 
air,  to  different  potentials,  we  subject  the  intervening  air  to  a 
species  of  stress.  If  we  very  considerably  increase  the  potential, 
the  air  being  no  longer  able  to  sustain  the  stress,  a  discharge  or 
an  electric  flow  ensues.  A  similar  result  can  be  achieved,  without 
increasing  the  potential  difference,  by  reducing  the  distance 
between  the  electrified  bodies,  or  by  bridging  over  the  air-space 
with  a  piece  of  wire  or  other  good  conductor.  In  either  case  the 
ability  to  sustain  the  stress  is  reduced,  and  we  call  this  ability  to 
sustain  the  stress  resistance.  The  more  resistance  we  insert 
between  the  electrified  points  or  bodies,  the  more  do  we  thereby 
reduce  Qr  pi^event  the  flow  of  electricity. ' 
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PRACTICAL    UNITS— ohm's    LAW — C.G.S.    SYSTEM. 

In  dealing,  in  the  previous  chapter,  with  the  general  attributes  of 
electricity,  the  only  degree  of  comparison  arrived  at  was  to  say 
that  one  electrification,  resistance,  or  current  was  greater  or  less 
than  another.  And  to  a  somewhat  considerable  extent  this  was, 
until  within  the  last  few  years,  deemed  sufficient.  It  is,  however, 
now  essential  that  more  precision  in  comparing  or  measuring 
forces  and  their  properties  and  effects  should  be  obtained. 
Measurement  is,  in  fact,  the  most  important  branch  of  electrical 
science,  as,  indeed,  it  is  of  every  other  physical  science. 

Instead  of  simply  saying  that  one  lump  of  iron  is  heavier  or 
weightier  than  another,  it  is  usual  to  say  by  how  much  they  differ. 
Thus  one  lump  may  have  a  mass  of  ten  pounds,  and  another  a 
mass  of  twenty  pounds.  The  latter  is  therefore  ten  pounds  heavier 
than  the  former.  We  have  here  introduced  a  unit  of  measure- 
ment, viz.  the  pound,  or*  unit  of  mass.  Similarly,  the  inch  or  foot 
may  be  used  as  a  unit  of  length,  the  second  as  a  unit  of  time,  the 
pint  as  a  unit  pf  capacity,  the  sovereign  as  a  unit  of  coinage,  and 
so  on.  These  units  are  all  such  as  everybody  can  readily  appre- 
ciate. They  are  so  frequently  employed  that  no  mental  effort  is 
required  to  understand  what  is  meant  when  any  one  of  them  is 
mentioned. 

In  dealing  with  electricity  the  first  thing  we  wish  to  measure 
is  naturally  the  amount  of  the  electrical  difference  between  two 
bodies  which  causes  an  electrical  stress  and  which  may  result  iPi 
a  current  of  electricity.  But  we  are  confronted  with  two  difficul. 
tics.  The  first  is  that  by  none  of  the  everyday  units— by  no  unit 
employed  for  any  other  purpose — are  we  able  to  indicate  exactly 
the  electric  potential  in  a  body.  Moreover,  electricity  oeing  but 
a  condition  of  matter,  and  not  matter  itself,  it  is  iir  possible  to 
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measure  it  directly.    We  can  only  measure  it  by  its  effect  upon 
material  substances.    In  the  next  place,  inasmuch  as  it  is  impos- 
sible to  obtain  or  even  to  conceive  of  a  body  altogether  devoid  of 
electrification  (sdthough  it  is  not  always  perceptible),  it  is  impos- 
sible to  fix  on  an  absolute  zero  potential,  and  measure  potentials 
from  that  point ;  in  just  the  same  way  that  it  is  impossible  to  have 
a  zero  level,  some  arbitrary  point  such  as  the  sea-level  at  high 
tide  having  to  be  employed  if  we  wish  to  measure  the  relative 
height  of  two  or  more  points.     It  is,  consequently,  necessary  to 
look  elsewhere  for  a  starting-point,  and  to  fix  on  a  convenient 
arbitrary  potential  zero.    We  take  as  a  zero  the  potential  of  the 
earth's  surface,  and  bodies  which  are  said  to  be  positively  electri- 
fied are  at  a  higher  potential  than  the  earth,  while  negatively 
electrified  bodies  are  at  a  lower  potential.    Positive  and  negative 
potentials  may  therefore  be  said  to  correspond  to  height  and 
depth  in  their  relation  to  the  sea-:leveL    Inasmuch,  however,  as 
we  are  unable  to  detect  any  potential  at  all  unless  we  take  two 
points  or  bodies  whose  potentials  are  different,  the  measurement 
of  potential  itself  again  presents  difficulties.    On  the  other  hand, 
when  we  are  called  upon  to  measure  the  potentials  of  two  bodies, 
what  we  really  desire  to  know  is  the  difference  between  those 
potentials ;  or,  if  we  call  the  potential  of  one  body  p,  and  that  of 
the  other  p„  wc  want  to  know  the  value  of  p— p, ;  for,  after  all, 
it  is  this  difference  of  potential  that  determines  the  fiow  of  elec- 
tricity.   This  difference  of  potential  is  known  as  electro-motive 
force,  which  is  frequently  contracted  into  the  initials  K.M.F.,  or, 
shorter  still,  into  e.  only.     It  is  this  electro -motive  force,  then, 
that  we  desire  to  measure,  and  tha  p;uctical  unit  by  which  it  is 
measured  is  known  as  the  *volt/    We  will,  for  the  present,  rest 
satisfied  with  the  simple  statement  that  the  volt  is  approximately 
equal  to,  although  actually- a  fraction  less  than,  the  electro-motive 
force  of  a  single  Daniell  ceU.    (See  Chapter  III.L 

Reference  was  made  in  the  previous  chapter  to  *  resistance,' 
and  it  was  described  as  the  converse  of  conductivity,  which  again  we 
described  as  the  ability  of  a  body  to  transmit  a  current  of  electricity. 
It  is  easy  to  show  that  resistance  may  be  expressed  as  a  ratio 
— the  ratio  of  electro-motive  force  to  current — and  many  authori- 
ties insist  that  it  should  always  be  regarded  thus     It  may  also  be 
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expressed  as  a  *  velocity,'  or  the  r^tio  of  length  to  time,  but  we 
prefer  to  deal  with  it  sts  it  appeals  to  practical  electricians  — viz.  as 
an  attribute  of  matter,  varying  with  different  sub&tances,   and  in 
virtue  of  which  such  matter  opposes  or  resists  the  passage  of 
electricity,  whence  the  current  has  to  do  '  work '  or  expend  *  energy ' 
in  c/fecting  the  passage.     The  law  of  the  conservation  of  cnei^y 
teaches,  us  that  force. is  indestructible,  and  it  follows,  therefore, 
that  if  energy  has  to  be  expended  in  impelling  a  flow  of  electricity 
against  a  greater  or  less  amount  of  resistance,  the^equivalent  of 
that -energy  must  be  developed  in  some  'other  form.     This  other 
form  is  usually  heat ;  or,  in  other  words,  when  a  body  opposes  a 
certam  amount  of  resistance  to  the*  passage  of  electricity,  heat  is 
produced,  the  actual  amount  of  heal  being  an  exact  counterpart 
of  the  energy  expended  in  overcoming. the  resistance,  and  varying 
therefore  diuectly  as  that  resistance.     Consequently,  if.  we  have 
two  conductors,  the  resistance  of  one  of  which  is  twice  that  of  the 
other,  and  if  we  send  currents  t>f  equal  strength  through  both 
wires,  twice  aS  much  heat  will  be  developed  in  the  conductor  of 
th^higher  resistance  as  will  be  developed  in  that  offeriivg  the  lower 
resistance.      We  shall  have  occasion   to  deal  with  this   subject 
more  fully  in  .a  future  chapter,  but  we  may  add  here,  that  if  we 
wish  to  perform  work  at  any  point  by  means  of  an  electric  current 
•conducted  by  a  wire  to  that  point,  .we  must  keep  the  resistance  of 
that  wire  down  to  the  lowest  practical  limit,  becabse  every  fraction 
of  the  energy  frittered  away  in  heating  the  conductor  nfieans  so 
much  less  energy  available  for  the  particular  work  which  we  wish 
the.  current  to  perform.     It  is  apparent,  then,  that  we  require  a 
unit  by  which^^e  shall. be  able  to  compare  the  resistances*  of 
various  substances,  and  the  unit  selected  is  called  the  *  ohm.*     It 
was  decided  by  an  International  Congress  of  Electricians  which 
assembled  in  Paris  in  1884  as  being  equal  tb  the  resistance  ^which 
is  offered  to  the  How  of  electricity  by  a  column  of  mercury  one 
square  millimetre  (0-93937  of  an  inch,  or  a  small  fraction  less 
than  j'o  of  an  inch)  in  section,  and  106  centimetres  long  (Che 
centimetre  is  -equal  to  0-3937  of  an  inch),  the  temperature  being 
at  the-freezing  point  (32**  Fahrenheit  or  q®  Centigrade),  and  the 
pressure  of  the  air  equal  to  the  pressure  at  the  base  of  a  colunvi 
of  mercury  30 inches,  or  760  millimetres,  in  height   TheConpess 
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which  determined  the  value  of  this  unit  also  decided  that  it  should 
be  known  as  the  '  legal '  ohm.  A  millionth  part  of  this  unit  is 
called  a  mictohm,  and  one  million  ohms  a  megohm.         % 

There  have,  in  the  past,  been  an  almost  unlimited  number  of 
units,  more  or  less  crude  and  unreliable  ;  for  it  must  be  borne  in 
mind  that  for  a  unit  to  be  of  any  real  value  it  must  be  permanent 
or  durable,  it  must  be  capable  of  confirmation,  and  its  derivation 
must  be  well  known  and  invariable.  One  of  the  earlier  units  of 
resistance  was  that  offered  by  a  mile  of  the  then  best  procurable 
iron  wire  of  a  certain  gauge  or  diameter.  The  indefiniteness  of 
such  a  unit  may  be  conceived  when  it  is  called  to  mind  that  even 
now  no  two  samples  of  the  same  wire  willoffer  the  same  resistance  ; 
and  still  more  so  was  this-  true  a  few  years  ago,  when  the  quality 
of  iron  wire  as  a  conductor  was  vastly  inferior  compared  with 
what  it  now  is^  both  as  regards  its  actual  resistance  and  its 
uniformity. 

The  only  other  unit  which  we  need  consider  is  that  known  $s 
the  B.A.,  or  British  Associatibn  Unit  It  was  determined  in 
London  in  1863  by  a  committee  appointed  for  the  purpose  by 
the  British  Association,  and  the  method  of  determination  then 
adopted  was  the  basis  upon  which  the  Paris  or  legal  ohm  was 
afterwards  calculated.  These  units  are  both  based  On  what  is 
called  the  CG.S.  system  (p.  40),  the  Paris  unit  being  really  a 
correction  of  the  B.  A.  unit  The  practical  standard  of  the  former 
has,  however,  a  great  advantage  over  that  of  the  latter,  which 
consisted  of  the  resistance  of  a  certain  length  of  wire  carefully  pre- 
served in  London.  This  was,  of  course,  rarely  used,  and  duplicates 
of  the  standard  had  to  be  employed  for  comparing  or  standardising 
other  resistances.  The  legal  ohm  is  manifestly  capable  of  being 
reproduced  more  easily,  and  it  is  this  fact  which  imparts  to  it  its 
chief  value.  The  B.A.  unit  is  a  fraction  smaller  than  the  Paris 
ohm,  the  actual  proportion  being  0*986  to  i  'o.  If  it  were  possible 
at  the  present  day  to  universally  adopt  a  common  unit,  it  would 
certainly  be  a  great  advantage,  for  then  everybody  would  know 
what  was  meant  when  anybody  else  mentioned  any  particular 
resistance.  But  prior  to  1884  a  vast  quantity  of  electrical 
apparatus  and  machinery  was  in  use,  and  everything  in  •  Eng-* 
land  and  spme  other  countries  was  measured  by  the  B.A.  unit, 
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while  the  measurements  employed  on  the  Continent  were  for 
the  most  part  referrible  to  the  Siemens  unit,  which  was  the 
resistance  of  a  column  of  mercury  i  metre  (or  39*37  inches)  long, 
the  other  details  as  to  its  size,  temperature,  and  pressure  being  the 
same  as  those  employed  in  devising  the  legal  ohm.  As  it  was, 
the  various  administrations  and  authorities  were  placed  in  a  most 
unpleasant  dilemma.  If  they  re-standardised  and  re-marked  all 
their  existing  apparatus  they  would  have  had  to  incur  enormous 
expense,  while  if  they  continued  the  use  of  their  existing  standards' 
they  would  be  perpetuating  an  mconvenience  which  they  had 
called  the  Congress  together  to  remove.  In  the  majority  of  cases, 
questions  of  finance  compelled  them  to  adopt  the  latter  alterna- 
tive, so  that  with  us,  most  telegraph  apparatus  continues  to  be 
measured  by  the  B.A.  unit,  while  the  apparatus  employed  in  the 
newer  industries,  such  as  electric  lighting,  is  measured  by  the  legal 
ohm.  Accordingly,  in  this  work  we  shall  endeavour  to  keep  the 
latter  in  view. 

The  student  will  frequently  come  across  the  expression  'specific 
resistance,'  and  it  is  a  most  important  term.  It  may  be  defined 
as  the  resistance  of  any  particular  substance  as  compared  with  the 
resistance  of  a  piece  of  some  other  conductor,  such  as  silver,  of 
similar  dimensions,  the  test  being  made  under  similar  conditions. 
It  is  a  matter  of  great  convenience  that  different  bodies  vary  in 
theu:  relative  or  specifir  resi&tances,  for  there  are  times  when  we 
want  the  lowest  possible  resistance,  while  at  other  times  we  require 
a  large  measure  of  resistance,  more  particularly  when  we  desire  to 
prevent  an  electric  discharge,  to  prevent  the  flow  of  an  electric 
current,  or  to  prevent  electricity  leaking  from  one  body  to  another. 
Appended  is  a  table  based  upon  that  of  Dr.  Matthies.<ien  which 
shows  the  relative  resistance  of  a  number  of  metals  frequently 
met  with,  and  as  the  variation  of  the  temperature  of  a  body  varies 
itb  electrical  resistance,  all  the  tests  have  been  taken  at  a  common 
temperature,  viz.  that  of  freezing  point,  or  the  necessary  correc* 
rtions  made  to  correspond  to  that  temperature. 

An  alloy  of  copper,  nickel,  and  zinc  (the' usual  constituents  of 
German  silver),  combined  with  i  or  a  per  cent  of  tungsten,  was 
introduced  a  few  years  ago  under  the  name  of  platinoid.  It  is 
found  that  the  addition  of  tungsten  imparts  greater  density  to  alloys 
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Table  showing  Relative  Resistances  op  Chemically  Pure  Substances 
AT  o^i  C  IN  Legal  or  Paris  Ohms. 


NaiMoTMeti] 


SilTer,  annealed      • 

Copper,  annealed    • 

Silver,  hard  drawn  • 

Copper,  hard  drawn 

Gold,  annealed 

Gold,  hard  di-awn  . 

Aluminium,  annealed 

Zinc,  pressed  . 

Platinum,  anneakd 

Iron,  annealed 

Lead,  pressed 

German  silver,  hard   c 
annealed 

Platinum,  silver  alloy  {\\ 
platinum  |  silver)  hardv 
or  annealed  .j 

Mercury 


•2^ 


I'OOO 

1-063 

1086 
1086 

I '393 
1*935 
3741 
6*o3a 
6-460 
1305 

I3'9« 


Z6'9X 

6a73 


9-048 
9*6x3 
9*830 
9'83X 
13-38 
13 -6d 
i7'53 
33*85 
54*49 
58J4S 

135-91 

146-73 

57a '30 


0*0x9x6 
0*03034 
o*oao8o 

0*0308l 

o*036so 

0-03668 

0-037x0 

0*07163 

0*1x53 

0-1337 

0-3498 

0-9666 
0*3x06 

X'3XX 


Re^stance  in 


Cubic 
inch 


0-S93X 
0-6393 
0*6433 
^•6433 

0*8l03 

0*8347 
1*147 

3-3X5 

3565 

3*8a5 
7-738 

8-340 
9-603 
37'ii 


Cubic 


1*504 
I  598 
1*634 

1*634 
3-058 
3-094 

3*9X3    t!< 

'5*6a6 
9*057 
97x6 

X9'63 

90*93 

a4'39 
94*33 


and  reduces  any  tendency  to  oxidation.  When  polished,  the  2dloy  is 
scarcely  distinguishable  in  appeaiiance  from  silver.  A  cubic  centi- 
metre offers  a  resistance  ranging  fro;ii  about  30  to  36  microhms, 
so  that  Its  resistance  is  about  one  and  a  half  times  that  of  German 
silver.  As,  however,  alloys  always  vary  more  or  less  in  their  com- 
position,  a  definite  resistance  cannot  safely  be  assigned  to  any 
commercial  variety,  and  calculations  concerning  them  can  only  be 
accepted  as  actually  true  of  the  particular  samples  tested.  Plati- 
noid, when  drawn  hard,  is,  like  copper,  softened  by  heating  and 
sudden  cooling. 

The  admixture  of  even  a  minute  proportion  of  foreign  matter 
very  considerably  reduces  the  conductivity  or  increases  the  re* ' 
sistance  of  a  metaL  A  very  remarkable  effect  is  observed  when 
an  alloy  ,of  two  or  more  metals  is  teste4,  for  the  specific  or  relative 
resistance  of  the  alloy  will  always  be  found  higher  than  that  of 
either  of  its  constituents.  Purity  in  the  case  of  simple  substance, 
and  absolute  uniformity  in  the  constitution  of  alloys,  such  as 
German  silver,  is,  therefore,  pre-eminently  essential,  if  the  highest 
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conductivity  or  if  a  certain  specific  resistance  is  desired,  as  is 
shown  by  the  following  table,  giving  the  specific  conductivities  of 
various  samples  of  copper. 

Table  showing   the   Comparative   Conductivitv  of  Pure 
Copper  and  the  Bar  Copper  op  Commerce.' 

[All  the  wires  were  annealed.) 

Condactiog  poww. 

Pure  copper               .        .         .        .  '     .  loo-o  at  15-5'*  C. 

Lake  Superior,  native,  not  fused         .         .  98*8  at  15*5**  C. 

Ditto,  fused,  as  it  comes  in  commerce        •  92*6  at  15*0*  C. 

Burra  Burra 887  at  i4o*  C. 

Best  selected             81*3  at  14-2''  C 

Bright  copper  wire     .        .        .        •        .  72*2  at  i57*  C. 

Tough  copper 71-0  at  i7'3*  C. 

Demidoff 59-3  at  127*  C. 

Rio  Tinto i4'2  at  i4-8*  C 

Or,  again,  if  the  relative  conductivity  of  pure  copper  is  taken 
as  zoo,  then  that  of  copper  mixed  with  1-6  per  cent,  in  volume  of 
silver  will  be  only  65  ;  while  the  conducti^dty  of  silver  mixed  with 
s*2  per  cent,  in  volume  of  gold  will  be  59  when  that  of  pure  silver 
is  taken  as  100. 

A  highly  interesting  phenomenon  is  the  wonderful  effect  which 
a  variation  in  temperature  produces  upon  the  resistance  of  the 
various  substances  through  which  a  current  may  flow.     The  effect 
would  be  less  surprising  were  it  general  or  were  it  consistently 
uniform  in  all  bodies,  but  the  great  feature  to  be  observed  is  that 
while  in  the  case  of  metals  the  resistance  of  a  conductor  invariably 
increases  with  an  exaltation  in  temperature,  the  non-metals  all  show 
a  decrease  in  resistance  under  similar  circumstances,     tt  is  also  a 
remarkable  feature  that  in  the  case  of  metals  the  variation  is  much 
less  in  alloys  than  in  pure  metals.     These  results  are  fraught  witl^ 
the  greatest  importance,  as  they  limit  considerably  the  number 
of  substances  available  for  many  classes  of  electrical   apparatus. 
For  example  wires  which  are  to    be  employed   as  standards   for 
comparing  or  measuring   resistances  should   have  as  nearly   as 

^Report  of  the  Government  Submarine  Cable  Committee. 
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possible  the  same  value  at  all  temperatures.  It  may  be  observed 
that  the  insulating  coatings  of  the  wires  in  the  telegraph  cables 
laid  in  such  waters  as  the  Indian  Ocean  show  a  marked  decrease 
in  their  insulating  properties  after  submergence,  consequent  up>on 
the  fact  that  the  water  is  several  degrees  warmer  than  that  in  the  tanks 
in  which  the  standardising  tests  were  made.  The  accompanying 
table,  showing  the  percentage  variation  in  the  resistance  of  various 
bodies  between  the  temperature  of  freezing  water  and  that  of 
boiling  water,  should  prove  eminently  interesting.  It  is  certainly 
useful  and  important. 


Nam«  of  Metal 

Conducting  power 

ato°C 

Silver  »  xoo 

condtictinf  power 

between  tr  and 

loo'C 

Pure  iron I            x6'8z 

39*2 

Pure  thallium    .         *        .        .        . 

9'z6 

'3«*4 

Other  pure  metals  in  a  solid  sta 

te 

— 

293 

Gold  with  15  p.c.  iron 

276 

279 

Proof  gold         .... 

7a-SS 

26*4 

Standard  silver 

8063 

a3'a 

Gun  metal  (Austrian) 

27*08 

18*3 

Copper  with  25  p.c.  platinum  . 

22*08 

xi-S 

Silver  with  5  p.c.  platinum 

3»'64 

XX -3 

Silver  with  9*8  p.c.  platinum 

18*04 

71 

Copper  with  97  p.c.  tin    . 
Gold  silver  alloy        /    '  . 

12*19 

6*6 

1503 

6-5 

Platinum  with  33*4  p.c.  iridium 

4*54 

5*9 

German  silver    . 

7-8o. 

4*4 

Gold  with  47  p.  c.  iron 

a  37 

3-8 

Silver  with  25  p.c.  palladium 

8*52 

3*4 

Silver  with  33*4  p.c.  platinum 

6*70 

31 

Platinoid  ....*... 

— 

2109 

As  may  have  been  gathered  from  what  has  already  been  said, 
when  we  increase  the  length  of  a  conductor  we  invariably 
increase  its  resistance.  This  follows  as  a  matter  of  course  from 
the  fact  that  if  we  urge  a  certain  current  through  a  wire  of 
increased  length,  we  give  it  more  work  to  do,  necessitating,  conse- 
quently, a  greater  expenditure  of  energy  in  precisely  the  same  way 
that  a  railway  engine  would  consume  more  coal  in  taking  a  train 
a  distance  of  200  miles  than  it  would  consume  in  taking  it  only 
half  that  distance.  The  resistance  of  a  conductor  of  uniform 
material  and  thickness  or  cross-section  vanes  directly  as  its  length — 
that  is  to  say,  if  wc  vary  the  length  of  the  conductor  we  vary  it* 

c  2 
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resistance  at  exactly  the  same  rate,  or,  in  fewer  words,  resistance 
varies  directly  as  the  length  of  thf>  conductor.  If  a  mile  of  wire 
of  a  certain  gauge  offers  a  resistance  of  ten  ohmsi  two  miles  of  the 
same  wire  would  offer  twenty  ohms. 

The  effect  of  increasmg  the  size  or  sectional  area  of  a  con 
ductor  is  to  Increase  its  conductivity  and,  consequently,  to  diminish 
its  resistance,  in  exactly  the  same  way  that  increasing  the  diameter 
of  a  pipe  increases  the  amount  of  gas  or  water  that  can  be  passed 
through  it  The  resistance  of  a  conductor  varies  inversely  as  its 
sectional  area.  That  is,  if  we  have  Vko  conductors,  such  as 'two 
specimens  of  copper  wire,  drawn  from  the  same  bar,  the  amount 
of  resistance  which  the  wires  will  offer  depends  upon  the  size  of 
the  wires  or  on  the  area  of  the  ends  exposed  on  cleanly  cutting 
them  at  right  angles  to  their  length — that  is  to  say,  upon  the 
amount  of  metal  through  which  the  current  can  flow.  Most  wires 
are  round,  so  that  the  section  is  a  circle,  and  it  becomes  necessary 
to  understand  the  method  of  comparing  the  areas  of  circles.  The 
area  of  a  circle  varies  as  the  square  of  its  diameter ;  for  example, 
if  we  have  two  circles,  one  having  a  diameter  of  one-tenth  of  an 
inch  and  the  other  of  two-tenths  of  an  inch,  their  areas  or  the 
spaces  they  enclose  will  not  be  in  the  proportion  i  :  2,  but  as  the 
squares  of  those  figures,  viz.  x  :  4,  so  that  one  wire  which  is  twice 
the  diameter  of  another,  other  things  being  the  same,  only  offers 
one  quarter  of  the  resistance  offered  by  the  thin  wire.  While  if  we 
treble  the  diameter  of  the  wire,  or  make  it  three-tenths  of  an  inch, 
the  resistance  will  be  only  one-ninth  of  that  of  the  thinnest  wire. 
As  a  matter  of  fact,  the  thickest  of  these  three  wires  will  weigh 
exactly  nine  times  as  much  as  the  thinnest,  there  being  nine  times 
as  much  metal  in  it  We  may,  therefore,  state  our  law  in  other 
words  by  saying  that  the  resistance  of  wires  uniform  in  all 
particulars  excepting  thickness  varies  inversely  as  their  weight 
Thus,  if  a  mile  of  copper  ^-ire  weighs  100  lbs,  and  has  a  re- 
sistance of  9  ohms  and  an  equal  length  of  similar  copper  wire 
weighs  150  lbs.  the  sesisUnce  of  the  latter  will  be  6  ohms.  Again, 
the  specific  resistances  of  iron  and  copper  are  approximately  as 
6  to  I.  If,  now,  a  mile  of  iron  wire,  0*240  of  an  inch  in  diameter, 
has  a  resistance  of  5  ohms,  and  it  is  thought  for  certain  reasons 
desirable  to  substitute  a  mile  of  copper  wire  having  the  same 
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resistance,  we  should  have  to  use  wire  weighing  one-sixth  the 
weight  of,  or  whose  sectional  area  would  be  one  sixth  of,  that  of  a 
copper  wire  0*240  of  an  inch  in  diameter,  because  the  resistance 
of  a  mile  of  the  latter  would  be  only  five-sixths  of  an  ohm.  The 
required  thickness  could  be  ascertained  by  rule  of  three,  for  if 
X  stands  for  the  required  diameter, 

6:1::  (0*240)*  :  x\ 

from  which  we  find  x^  =  00096.  Therefore  jp,  or  the  required 
diameter,  is  equal  to  the  square  root  of  0*0096,  or  0-098  of  an 
inch  nearly. 

A  conductor  offers  to  the  passage  of  electricity  at  equal  tem- 
peratures a  constant  resistance  which  is  altogether  independent 
either  of  the  electro-motive  force  or  of  the  strength  of  the  current 
That  is  to  say,  a  wire  which  offers  10  ohms  to  the  passage  of  a 
feeble  current,  offers  precisely  the  same  resistance  to  a  powerful 
current,  except  in  so  for  as  an  mcrease  in  the  strength  of  the  current 
involves  a  corresponding  increase  in  the  temperature  of  the  wire, 
and  this  increased  temperature  causes  a  proportionately  increased 
resistance,  as  already  pointed  out. 

We  come  now  to  the  consideration  of  the  laws  w'uch  deter- 
mine the  strength  of  a  current  and  of  the  relationship  subsisting 
between  strength  and  the  other  attributes  of  an  electric  current. 
The  real  relationship  can,  perhaps,  be  best  understood  by  the  aid 
of  a  simile.  Let  us  suppose  two  tanks,  one  very  high  up,  say 
three  or  four  hundred  feet  above  the  ground,  the  other  raised  only 
a  few  feet  Let  both  tanks  contain  the  same  quantity  of  water, 
and  let  both  of  them  be  supplied  with  pipes,  the  one  for  the  upper 
tank  being,  however,  very  much  smaller  in  diameter  than  that  for 
the  lower.  On  turning  the  taps  the  water  from  the  upper  tank, 
although  small  in  quantity,'  will  issue  forth  with  much  greater 
force  than  that  from  the  lower  tank,  although  the  quantity  or  rate 
of  flow  from  the  lower  tank  may  considerably  exceed  that  from 
the  upper  tank.  In  other  words,  the  pressure  in  the  long  small 
pipe  is  much  greater  than  in  the  short  but  large  one,  while  the 
quantity  of  water  delivered  by  the  former  is  considerably  less  than 
that  delivered  by  the  latter.  Pressure  in  a  column  of  water 
corresponds  with  the  electro-motive  force  of  a  battery,  while  the 
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volume  or  quantity  of  water  flowing  through  the^pipe  corresponds 
to  current  strength.  But  to  pursue  the  analogy  still  farther, 
if  the  upper  tank  be  raised  sufficiently  high,  the  greater  pressure 
so  obtained  will  augment  the  velocity  of  the  water,  and  the  two 
tanks  will  be  emptied  in  the  same  time.  There  are  two  things, 
then,  that  govern  the  quantity  of  water  delivered  or  the  rate  of 
delivery — ^viz.  the  pressure,  and  the  size  of  the  pipe,  which  latter 
corresponds  in  electrical  considerations  with  the  size  of  the  con- 
ductor and  consequently  with  the  resistance. 

By  current  strength  is  meant,  therefore,  the  amount  or  volume 
of  electricity  passing  any  point  in  a  circuit  at  any  particular 
moment.  It  corresponds  to  the  rate  of  delivery  of  gas  or  water  by 
a  pipe.  In  a  simple  circuit  it  depends  upon  two  things,  the 
electro- motive  force  of  the  generator  or  battery  and  the  resistance 
of  the  whole  circuit,  which  comprises  the  wire  and  apparatus  as 
well  as  the  battery  itself.  The  practical  unit  of  current  strength 
or  rate  of  delivery  is  called  the  ampere,  and  is  that  amount  of 
current  which  is  urged  through  a  circuit  of  one  ohm  resistance  by 
an  dectro-motive  force  of  one  volt  If  this  current  is  maintained 
for  one  second,  one  unit  of  electrical  quantity  is  delivered  and 
this  unit  is  called  the  coulomb.  If  a  current  of  half  an  ampere 
flows  for  two  seconds,  the  quantity  of  electricity  delivered  is  again 
one  coulomb.  So  also  is  it  if  a  current  of  two  amperes  flows  for 
half  a  second,  so  that  in  every  case  the  rate  of  flow,  or  current 
strength  in  amperes  multiplied  into  the  time  in  seconds  gives  us 
the  total  quantity  of  electricity  or  the  number  of  coulombs.  Thus 
if  Q  represents  the  quantity  of  electricity  in  coulombs,  c  the  current 
strength  in  amperes,  and  /  the  time  in  seconds, 

Q  =  C  X  /. 

As  the  quantity  of  electricity  delivered  is  rarely  required  to 
be  known,  but  rather  the  rate  of  delivery  or  flowing,  we  will 
deal  more  fully  with  the  method  of  ascertaining  this  rate.  In 
order  that  this  may  be  more  readily  understood,  we  will  at  once 
proceed  to  the  discussion  of  'Ohm's  Law,'  which  declares  that 
the  current  strength  varies  directly  as  the  electro-motive  force,  and 
inversely  as  the  resistance.  This  law  may  be  represented  by  the 
simple  equation— 
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Electro-motive  force  ^  .^^    _^t 

x^i^viA/-xiwLiY^^  .^/ii.^  _,  current  strength. 

Resistance 
or,  -  =s  C. 

R 

As  an  example  of  the  relation  which  the  units  bear  to  each 
other  we  may  take  the  simple  case  of  a  battery  having  an  electro- 
motive force  of  one  volt  and  sending  a  current  through  a  circuit 
whose  total  resistance  is  one  ohm.  The  current  strength  will 
then  be  one  ampere,  thus  : — 

1  volt        _      ,    «w«T^*«» 

— ; —  =3  I  ampere, 
I  ohm 

and  if  this  current  is  maintained  for  one  second,  one  coulomb  of 
electricity  will  have  passed.    By  doubling  the  resistance,  we  get 

•Vw  =  ^'^  ampere, 
a  ohms 

Similarly,  by  doubling  the  electro-motive  force  we  get«  with  unit 
resistance^ 

2  volts    ^    n^r^^^ 

-^ —  =s  2  amperes. 
I  ohm 

A  little  reflection  will  make  evident  the  subsidiary  law  that 
Mtf  current  strength  is  the  same  in  ail  parts  of  the  circuity  and  does 
not  in  any  sense  vary  in  different  parts  of  the  same  circuit  The 
current  strength  can  easily  be  supposed  to  be  uniform  in  a  unifbrm 
conductor,  but  if  we  make  up  a  circuit  with  wires  of  different 
degrees  of  conductivity,  or  if  we  interpose  any  liquid  conductor, 
the  same  law  holds  good,  just  as  would  be  the  case  if  we  were  to 
urg^  a  current  of  water  through  a  pipe  of  variable  diameter.  It  is 
manifest  that  if  a  gallon  of  water  enters  the  pipe  in  a  certain  time 
the  same  volume  must  pass  out  in  the  same  time  (supposing  the 
pipe  to  have  been  already  full),  and  the  same  volume  must  pass 
every  point  in  the  pipe  in  the  same  interval  of  time,  although  in 
the  thinner  or  smaller  portions  of  the  pipe  the  water  travels 
faster  and  generates  a  little  more  heat  by  friction  with  the  sides 
of  the  pipe  than  in  the  larger  sections  of  it.  This  latter  analogy 
also  holds  good  with  regard  to  electricity,  the  thinner  wire  or, 
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poorer  conductor  will  be  more  highly  heated  than  the  thicker  oi 
better  conductor.  It  is  this  fact  that  makes  electric  lighting  by 
incandescent  lamps  possible.  It  is  doubtful  whether  in  the  whole 
range  or  history  of  electrical  science  a  law  has  ever  been  enun- 
ciated so  full  of  truth  and  of  such  truly  immense  importance  as 
that  discovered  by  George  Simon  Ohm,  and  we  shall  find  frequent 
need  to  refer  to  it  in  the  succeeding  chapters. 

For  the  benefit  of  those,  and  our  experience  teaches  us  that 
they  are  very  numerous^  who  do  not  understand  the  full  meaning 
of  a  simple  equation,  we  may  say  that  if 

-'  s=  c,  then  ?  =  R,  and 
R  c 

E  =  Rc(or  RXC). 

So  that,  if,  of  these  three  quantities,  we  are  told  two,  we  can 
always  readily  calculate  the  third.  Thus,  with  a  current  of  two 
amperes  and  an  electro-motive  force  of  lo  volts,  the  resistance 
will  be  ^ 

25=  5  ohms. 

2 

Similarly,  if  a  current  of  5  amperes  flows  through  a  resistance  of 
10  ohms,  the  electro-motive  force  capable  of  maintaining  this  cur- 
rent will  be 

10  X  5  =  50  volts. 

When  two  Or  more  channels  or  paths  are  open  to  a  current 
of  electricity,  the  current  divides  between  them,  just  as  water 
or  gas  in  a  pipe  will  divide  into  any  number  of  branch  pipes. 
If  in  the  case  of  electrical  conductors  there  are  two  wires 
(a  and  By  fig.  i),  between  which  the  current  can  divide,  and  if 

Fi&  I. 
A- 10*^ 

the  resistances  of  the  two  wires  are  equal,  the  current  wi  divide 
equally  between  them  ;  thus,  if  a  currant  of  two  amperes  flows 
from  the  battery  p,  one  ampere  will  go  through  each  wire.    When 
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the  resistances  are  not  equal,  the  current  will  divide  inversely  as 
the  resistances ;  thus,  if  the  resistance  of  one  wire  (a,  fig.  2)  is 
10  ohmsy  and  ci  another  (b)  is  20  ohms,  and  a  current  of  three 

Fig.  •. 


amperes  divides  between  them,  two  amperes  will  go  through  the 
wire  A  t>f  10  ohms  and  one  ampere  through  the  wire  b  of  20  ohms. 

When  two  01*  more  wires  are  joined  together  so  that  the 
current  divides  between  them,  they  are  said  to  be  joined  up  in 
'parallel,' and  when  the  end  of  one  is  joined  to  the  end  of  another 
so  that  the  whole  current  goes  through  both  wires,  one  after  the 
other,  the  wires  are  said  to  be  joined  up  in  'series.' 

The  law  for  double  channels  holds  equally  good  for  multiple 
channel^  Thus,  if  there  are  xo  wires  of  uniform  resistance  and  a 
current  of  xo  amperes  divides  between  them,  it  will  do  so  equally, 
so  that  one  ampere  will  flow  through  each  wire.  When  the 
resistances  vary,  then  the  current  flowing  through  each  wire  will 
vary  also,  but  in  the  inverse  ratio. 

When,  however,  two  or  more  wires  are  joined  up  in  parallel,  a 
serious  alteration  is  made  in  the  condition  of  the  circuit,  for  the 
total  amount  of  current  that  is  produced,  whether  it  be  from  a 
primary  battery,  a  dynamo-electric  machine,  or  any  other  source 
of  electrical  energy,  will  be  increased.  This  increase  follows  from 
the  fact  that  when  wires  are  joined  up  in  parallel,  their  united,  or, 
technically  speaking,  their  joint  resistance  is  less  than  that  of  any 
one  of  the  wires  taken  separately.  The  meaning  of  this  will  be 
more  readily  apparent  if  a  wire  is  regarded  as  a  conductor  rather 
than  as  a  source  of  resistance.  Thus,  if  two  equal  wires  lie  side 
by  side  and  the  current  is  allowed  to  flow  through  them,  the  con- 
ducting power  of  the  double  wire  will  be  twice  that  of  either  wire 
taken  separately,  in  precisely  the  same  way  that  a  water  or  gas- 
pipe  two  square  inches  in  section  will  transmit  twice  as  much  as 
a  similar  pipe  only  one  square  inch  in  section*    If,  therefore,  the 
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conductivity  ot  the  two  wires  in  parallel  is  twice  that  of  one 
of  them,  their  united  or  joint  resistance  will  be  only  half  that 
of  one  of  them.  Thus,  if  two  wires,  each  of  loo  ohms  resistance^ 
are  joined  to  a  battery  in  parallel,  thoir  joint  resistance  will  be  50 
ohms.  Similarly,  if  ten  wires,  each  of  100  ohms  resistance,  are 
joined  in  parallel,  they  will  offer  a  joint  resistance  of  10  ohms. 
We  can,  therefore,  say  that  if  any  number  of  wires  {n)  of  uniform 
resistance   ^r)   are   Joined   in  parallel,  or  'multiple  arc,'  as  the 

arrangement  is  sometimes  called,  then  their  joint  resistance  «  — <«• 

Suppose,  now,  that  our  battery  has  an  electro-motive  force  ot  100 
volts,  and  that  its  internal  resistance  ^s  negligibly  low,  with  one 
wire  of  100  ohms  joined  on  we  get 


I  ampere. 


With  two  wires  we  get — 


100  volts       100 

■a  —  w  2  amperes 

ohms        ^ 

This  current  divides  equally  between  the  two  wires,  one  ampere 
going  through  each. 

With  10  wires  we  get — 

100  volts       100 

OB         ■■10  amperes. 
100   ,  10 

ohms 


Whence  one  ampere  will  still  go  through  each  wire,  so  that  the 
strength  of  the  current  increases  in  precisely  the  same  proportion 
as  the  number  of  wires.  If,  however,  the  internal  resistance  of 
the  battery  is  proixjrtionally  high  enough  to  necessitate  its  being 
taken  into  account,  the  reduction  of  the  external  resistance 
will  not  produce  so  marked  an  effect.  With  a  Ixittery  resistance 
of  1 00  ohms  and  a  single  wire  of  a  like  resistanc*»  we  get 

100  100 

«         -•  0*5  ampere 
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and  when  two  wires  are  joined  in  parallel  we  get — 

lOO  IOC  ,> 

— rJrr.^..  =  t_  =  o-66  ampere, 
loo  +   50       150 

With  10  wires  we  get- 

100  TOO 

— =      -  -=  o-oo  ampere. 

100  +10       110 

Thus  with  two  wires  in  parallel  a-  current  of  0*33  ampere  would 
flow  through  each  wire,  while  with  ten  >vires  the  current  strength 
in  each  wire  would  be  only  0*09  ampere. 

When  the  parallel  circuits  are  of  different  resistance,  the  calcu- 
lation of  their  joint  resistance  involves  a  little  more  trouble.  Let 
us  suppose  two  wires  joined  in  parallel,  their  individual  resistances 
being  Ri  and  Rj  respectively.  As  we  have  already  pointed  out, 
resistance  is  the  converse  of  conductivity.     Therefore,  Rj  and  Rj, 

representing  the  resistances,       and    -,  will  represent  their  conduc- 

Rl  R, 

tivities,  whence  the  united  conductivity  will  be      +  -,  which  is 

Rl      Pj 

equal  to  -  *  i—  '.   This  being  the  joint  conductivity,  the  joint 

R,  Rj 

R       R 

resistance  will  be  — L—  *  ;  thus  if  r  ,  ==  500  ohms  and  r,  =  1,000 
R,  +  R, 

ohms,  their  joint  resistance  \vill  b^ 

coo  X  1000        500,000 ._  , 

^ ■ =  ^ — ~  -    •=  333'3  ohms. 

500  +  1000         ii5oo 

Briefly  put,  it  may  be  said  that  the  joint  resistance  of  any  two 
conductors  is  equal  to  the  product  of  those  resistances,  divided  by 
their  sum. 

Similarly  with  three  (br  more)  wires  of  different  resistances, 
their  joint  conductivity  would  be 

_L4._L4.-L-s  5jl5x i-^).^?  +  Rl  Rs 
Rl       R|       R3  Rl  Rj  R3  * 

whence  the  joint  resistance  will  be 

R|  Ra  R3 


Rl  R2  -r  R3  Rs  +  Rl  Rj 
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If  R„  Ra,  aod  R,  ore  500,  1,000,  and  2,000  ohms  respective!) 
their  joint  resistance  will  therefore  be 

500  X  i^ooo  j<„a,gQa^ 
(500  X  1,000)  +  {1,000  X  2,000)  +  (500  X  2,000; 

1,000,000,000  Q^  , 

»    '      '      *        ss  2857  ohms. 
3,500,000 

In  the  process  of  electrical  testmg  it  is  frequently  found  to  be 
necessary  to  employ  wires  of  various  resistances,  either  as  stand- 
ards for  comparison,  or  simply  for  the  purpose  of  placing  in  a 
circuit  and  varying  the  strength  of  the  current  therein.  The  wires 
are  usually  coiled  up  or  wound  on  bobbins,  so  as  to  occupy  little 
space,  and  are  then  placed  in  a  convenient  case  or  box  ;  such  a 
set  of  coils  is  known  as  a  resistance-box,  or  rheostat  But  if  the 
coils  are  to  be  of  any  real  value  as  standards,  great  care  must  be 
exercised,  not  only  in  accurately  measuring  their  resistance,  but 
also  in  selecting  the  materials  of  which  they  are  made,  so  as  to 
avoid  deterioration  or  change  of  any  kind.  The  wire  must  be 
completely  covered  throughout  by  some  good  insulating  substance, 
to  prevent  contact  between  adjacent  convolutions,  and  the  mate- 
rial, used  for  this  purpose  must  be  able  to  withstand  without 
change  the  highest  temperature  to  which  it  is  likely  to  be  sub- 
jected ;  and  it  must  also  be  incapable  of  producing  any  injurious 
action  on  the  wire.  The  best  insulating  material  is  silli(thready 
which  is  wound  spirally  over  the  wire  in  one  or  two  layers. 

In  selecting  the  material  for  the  wire  itself,  several  points  should 
be  carefully  attended  to.  The  metal  must  be  free  from  any  lia» 
bility  to  alteration  by  oxidation,  &c  (iron  is,  therefore,  unsuitable). 
But  the  most  important  matter  for  consideration  ic  the  amount  of 
its  variation  in  resistance,  with  a  given  change  of  temperature. 

In  very  important  work  it  is  necessary  to  know  the  temperature 
at  which  a  coil  was  originally  measured,  and  either  bring  it  to 
that  same  temperature  during  the  experiment  or  else  make  a 
correction  in  the  result.  But  either  course  is  somewhat  tedious, 
and  in  ordinary  cases  impracticable.  In  practice  the  coils  are 
measured  at  the  temperature  at  which  it  is  probable  they  will 
generally  be  used,  say  is*"  C.  (59**  F.),  and  the  error  lessened  by 
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dioosing  a  metal  whose  percentage  of   resistance  variation  with 
change  of  temperature  is  very  low. 

In  addition  to  changing  with  any  alteration  in  the  temperature 
of  the  atmosphere,  the  wire  is  more  or  less  heated  by  the  passage 
of  a  current  itself,  so  that  its  resistance  may  easily  alter  during  a 
brief  or  rapidly-performed  test  or  expcrnnent.  An  examination  of 
the  table  given  on  page  19  shows  the  variation  of  a  platinum 
silver  alloy  to  be  very  small,  and  it  is  therefore  very  extensively 
employed  in  high-class  apparatus,  where  the  expense  becomes  a 
matter  of  minor  importance. 

For  coils  of  high  resistance  it  is  necessary  to  choose  a  metal 
whose  specific  resistance  is  high  ;  otherwise  the  length  of  wire 
would  probably  be  inconveniently  great.  For  low  resistances,  how- 
ever, this  is  not  so  important ;  in  fact,  if  a  metal  of  high  specific 
resistance  is  then  used,  the  wire  must  be  comparatively  thick, 
otherwise  it  would  be  so  short  that  very  great  difficulty  would  be 
experienced  in  making  the  coils  of  exactly  the  right  resistance, 
because  a  considerable  difference  would  be  caused  by  a  small 
error  in  the  length  of  the  wire.  In  all  cases,  however,  there  is 
the  great  advantage  in  the  case  of  a  thick  wire,  that  a  given 
amount  of  heat  raises  its  temperature  to  a  less  extent  than  it  would 
a  thinner  wire. 

Copper  is  very  unsuitable  for  resistance  coils  on  account  of  its 
great  variation  in  resistance,  and,  as  its  specific  resistance  is  low, 
it  would  be  necessary  to  employ  either  a  very  long  or  a  very  fine 
wire  to  make  a  coil  of  high  resistance. 

Taking  into  consideration  cost,  durability,  high  specific  resist- 
ance, and  low  temperature  error,  German  silver  is  undoubtedly 
the  most  useful  material  for  the  purpose  ;  and  it  is  consequently 
used  more  frequently  than  anything  else. 

A  single  resistance  coil— such,  for  example,  as  a  standard  coil, 
or  one  designed  for  some  other  special  p^irpose — is,  after  having 
been  carefully  wound  on  an  ebonite  or  boxwood  bobbin,  usually 
mounted  in  a  wooden  case  or  box,  fbrnishcd  with  an  ebonite 
cover.  Two  brass  blocks  or  plates,  to  which  the  ends  of  the 
wire  are  soldered,  are  screwed  on  to  the  under  side  of  this  cover. 
Connection  with  the  external  circuit  is  made  by  means  of  terminals 
fixed  on  the  top  of  the  case,  and  connected  electrically  with  the 
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plates  underneath.  The  form  of  terminal  employed  is  a  matter  of 
more  importance  than  it  is  usually  considered  to  be,  for  the  con- 
tact surfaces  at  the  junction  of  two  conductors,  or  two  parts  of  the 
same  conductor,  always  offer  some  resistance,  and  if  these  surfaces 
are  oxidised  or  dirty,  or  if  the  contact  is  not  firm,  this  resistance 
will  probably  be  considerable.  It  is  for  this  reason  that  the  form 
of  terminal  or  binding  screw  shown  in  fig.  3  is  open  to  serious 
objection,  the  contact  being  as  a  rule  uncertain.  Such  terminals, 
in  which  dependence  for  good  contact  has  really  to  be  made  upon 
tlie  end  of  a  screw  (frequently  pointed  as  if  to  accentuate  the  evil), 


Fig.  3. 


Fig;  4.. 


should  be  eschewed,  at  least  for  small  wires  or  such  as  can  be 
readily  bent  with  the  fingers.  A  much  better  and  more  reliable 
terminal  is  that  shown  in  fig.  4,  where  the  wire  is  clamped  between 
a  fixed  base  and  a  screw  nut.  In  tightening  the  nut,  a  rubbing 
effect  is  produced,  which  assists  in  removing  any  superficial  dirt 
either  on  the  wire  or  on  the  terminal,  and  so  tends  to  ensure  good 
and  steady  contact.  When  using  this  terminal  the  wire  should  be 
bent  round  the  screw  shaft,  otherwise  there  will,  in  tightening  up, 
be  a  risk  of  bcndmg  the  shaft.  AVith  the  large  wires  used  in 
electric  lighting  it  is*  inconvenient  and  sometimes  impracticable  to 
bend  the  wire.  In  that  case  the  first-mentioned  type  of  terminal, 
^&*  3)  ^  ^  modification  of  it,  is  resorted  to. 

As   it   more   generally  hapjx'ns  that  a  number  of   ceils  are 
required  to  be  so  put  together  that  the  resistance  to  be  introduced 
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into  any  particular  circnit  can  be  varied  at  will  from  the  zero  to 
the  maximum,  special  devices  have  to  be  employed  to  obtain  this 
result  with  the  smallest  possible  waste  of  time.    Fig.  5  shows  the 

FiC.  s* 


best  method  of  casing  a~  number  of  coils  of  various  resistances ; 
all  the  coils  are  joined  in  series,  and  the  junction  of  each  pair  is 
soldered  to  the  bottom  of  a  brass  block,  as  shown  in  the  figure, 
great  care  being  taken  in  winding  to  ensure  the  absence  of  contact 
or  leakage  between  one  portion  of  the  wire  and  another.  The 
bobbins  are  fixed  to  the  under  side  of  the  ebonite  top  of  the  case, 
the  wires  being  connected  to  the  brass  blocks  <j,  ^,  ^,  d^  e^  which 
are  firmly  fixed  to  the  upper  side  of  the  ebonite,  the  adjacent  ends 
of  the  various  blocks  being  turned  out  to  receive  a  slightly 
tapered  or  conical  brass  plug.  The  end  blocks  are  fitted  with 
terminal  screws,  Ti  and  t,,  to  which  any  extraneous  wires  can  be 
connected.  Now,  if  a  wirg  leading  from  the  copper  pole  of  a 
battery  is  joined  to  a  terminal,  Ti,  and  another  from  the  zinc  pole 
to  T3,  a  current  wiU  flow  through  the  resistance  box,  starting 
from  the  left-hand  block  a  and  passing  through  the*resistance 
coil  No.  I  to  the  second  brass  block  b.  Here  it  has  two  paths 
open  to  it ;  one  through  the  coil  No.  2,  of  comparatively  high 
resistance,  the  other  through  the  brass  plug  p,  which  has,  practi- 
cally; no  resistance  at  all.  All  the  current  will  therefore  pass  by 
the  latter  path,  and  none  through  the  coil,  which  is  said  under 
these  circumstances  to  be  *  short-circuited '  by  the  plug  p.    ITie 
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current  must  pass  through  the  colls  5  anfl  4  before  it  reaches  die 
terminal  i^ 

The  brass  plug,  which  should  be  furnished  with  an  ebonite 
cap  or  top,  must  be  carefully  tapered  to  fit  the  hole  €Xdttfy. 
Shoul^  there  be  the  slightest  shake,  or  should  there  be  any  dirt  or 
grit  on  the  blocks  or  on  the  plug  itself,  the  contact  will  be  uncer- 
tain anid  the  resistance  variable.  When  properly  made,  the  plug^ 
oa  being  inserted  with  some  pressure  and  a  slight  twist— say  to 
the  right-* should  fit  so  thoroughly  that  on  raising  it' the  resist- 
ance box  should  be  lifted  with  it  To  remove  the  plug  it  should 
be  necessary  to  first  loosen  it  by  giving  a'  slight  twist  to  the 
left.  The  lower  and  the  two  vertical  edges  or  comers  of  the 
blocks  should  also  be  filed  away  to  give  a  larger  ebonite  insulating 
surface  between  the  blocks  and  to  allow  this  surface  to  be  kept 
clean.  This  arrangement  is  necessary  in  order  -to  prevent,  as  far 
as  possible,  any  short-circuit  being  caused  by  the  accumulation  of 
dust  and  dirt 

Resistance  coils  fitted  in  this  way  can  easily  be  put  in  or  taken 
out  of  the  circuit,  by  withdrawing  or  inserting  plugs  between  the 
brass  blocks  to  whieh  the  ends  of  the  various  coils  are  soldered. 
It  is  hardly  necessary  to  remark  that  the  surfaces  of  contact  should 
not  be  lacquered,  but  should  be  kept  bright  and  clean. 

Resistance  coils  are  frequently  used  in  conjunction  with  and 
in  the  immediate  vidnity  of  delicate  measuring  apparatus  in  which 
a  sensitive  magnetised  needle  is  employed.  I^  in  such  cases,  the 
coil^  -are  wound  continuously  on  the  bobbin,  or  in  the  same 
manner  as  a  solenoid,  an  electro- magnetic  field  of  force  will  be 
set  up  immediately  a  current  is  sent  through  the  coils,  which  may 
be  sufficiently  strong  to  impart  motion  to  the  needle.  If  the 
instrument  is  being  employed  to  measure  the  current  passing 
through  the  resistance,  or  any  effect  of  that  current,  serious  errors 
may  therefore  be  introduced  by  the  direct  effect  of  the  coils  upon 
the  needle.  Again,  as  we  shall  see  later  on,  it  is  impossible  to 
start  or  stop  a  current  in  a  solenoid  suddenly,  because  work  is 
done  and  time  occupied  in  establishing,  and  agaih  in  disestablish- 
ing, the  electro- magnetic  field.  These  are  serious  defects^  and  it 
is  fortunate,  therefore,  that  the  remedy  is  simple. 

To  obviate  the  difficulty  it   is  only  necessary  that  the  wire 
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should  be  wound  *  double '— that  is  to  say,  the  required  lengtl 
should  be  measured  ofi*  and  then  doubled  in  the  middle,  the  two 
halves  being  wound  on  together.  The  meaning  of  this  will 
perhaps  be  more  apparent  on  referring  to  the  illustration  (fig.  5). 
The  double  winding  is  more  easily  managed,  especially  with  long 
coils,  by  winding  the  two  halves  oif  two  separate  spools  or  bobbins 
and  soldering  the  inner  ends  together.  In  either  case  the  two 
extremit^'es  of  each  coil  are  brought  out  together.  We  have  thus 
two  similar  helices  or  solenoids  carrying  currents  equal  in  strength 
but  opposite  in  direction.  The  consequence  is  that  the  disturbing 
effect  which  would  be  produced  by  one  solenoid  is  counteracted 
or  neutralised  by  the  opposite  effect  which  would  be  due  to  the 
other. 

When  the  coils  to  be  enclosed  in  a  box  are  numerous,  it  is 
inconvenient  to  place  them  in  one  long  row  and  thus  make  a  long 
narrow  box.  It  is  preferable  to  arrange  them  in  two,  three,  or 
more  parallel  rows,  connecting  these  rows  together  by  brass  blocks 
and  plugs,  as  indicated  in  fig.  6.     The  centre  of  each  block  should 
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also  be  provided  with  a  tapered  hole  of  the  same  size  as  those 
between  the  blocks,  in  order  that  the  plugs  may  be  placed  in 
them  when  not  in  use  for  short-circuiting  the  coils.  It  is  most 
important  that  all  the  holes  and  all  the  plugs  should  be  of  exactly 
the  same  dimensions,  so  that  the  plugs  may  be  interchangeable, 
or  that  any  one  plug  may  be  used  for  any  of  the  holes.  Failing- 
this,  considerable  inconvenience  and  risk  of' error  would  speedily 
ensue,  for  then  there  would  be  a  particular  plug  for  each  hole, 
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and  very  great  difficulty  would  be  expc*  ienced  in  using  them  and 
keeping  them  in  their  proper  place*. 

Another  very  useful  form   of  resistance-box  or  rheostat  is 
shown  in  fig.  7.     The  coils  are  placed  inside  a  round  brass  case 

Fig.  7. 


or  box  provided  with  an  ebonite  top  and  mounted  on  a  mahogany 
base.  Ten  coils,  each  of  40  ohms  resistance,  are  connected  to 
eleven  rounded  steel  points  projecting  through  the  ebonite  top  of 
the  instrument.  Ten  other  coils,  each  of  400  ohAs  resistance, 
are  connected  to  the  steel  points  on  the  other  half  of  the  top  side 
of  the  ebonite.  A  number  of  other  coils  are  connected  to  the 
brass  blocks  fixed  on  the  base  of  the  instrument  and  resembling 
those  already  described  ;  when  not  required  these  latter  are  short- 
circuited  by  the  usual  brass  plugs.  Supposing  the  current  to 
enter  by  the  right-hand  terminal,  it  will  pass  to  the  nearest  brass 
block,  then  through  the  coils  of  400,'  20,  and  10  ohms  (or 
through  such  plugs  as  may  be  inserted  between  the  respective 
blocks),  to  the  brass  block  nearest  to  the  left-hand  terminal.  It 
then  passes  by  a  piece  of  insulated  wire  under  or  in  the  base  of 
the  instrument  to  the  zero  stud  on  the  right-hand  side,  whence  it 

i  This  coO  is  usually  made  of  4,000  ohms  resistance. 
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will  pass  through  the  40- ohm  coils  until  it  reaches  the  steel  spring 
earned  by  thfc  front  brass  arm,  which  is  movable  over  these  coils 
and  studs.  Passing  along  thfs  arm,  which  is  metMlic  throughout, 
it  will  enter  the  other  movable  arm  and  thence  pass-  to  the 
400-ohm  coils.  Leaving  at'the  zero-stud  of  these  400-ohm  coils 
on  the  left-hand  side,  it  will  pass  by  a  thick  wire  direct  to  the  left« 
hand  terminal  and  so  to  the  other  part  of  the  circuit  The  two 
arms  caabe  readily  moved  round  over  the  steel  studs  or  points, 
so  that  the  range  of  one  arm  is  from  o  to  400  ohms,  and  that  of 
the  other  from  o  to  4,000  ohms.  The  total  resistance  in  circuit 
with  the  arms  as  shown,  and  all  three  plugs  /«,  is  3,880  ohms. 
Although  it  is  a  great  advantacje  that  the  resistance  can  be  very 
readily  varied,  the  instrument  is  somewhat  objectionable  for 
delicate  measunng  purposes,  as  the  springs  are  apt  to  get  weak 
and  the  contact  unreliable,  the  resistance  then  becoming  variable. 
Another  method  of  casing  and  joining  up  resistance  coils  is 
shown  in  figs.  8  and  9.    A  (fig.  8)  is  a  circular  brass  plate  \  b^e.d 


Fig.  8. 
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are  brass  blocks.  A  tapered  hole  is  provided  between  each  ot 
these  outer  plates  and  the  plate  a  for  the  usual  conical  plug. 
T,  T,  are  the  terminal  screws,  the  latter  of  which  is  permanently 
connected  to  the  brass  plate  a.  One  end  of.  each  of  the  three 
coils  is  soldered  to  terminal  t„  and  the  other  end  of  each  to  one 
or  other  of  the  outer  brass  blocks.  When  it  is  desired  to  insert 
in  the  circuit  one  of  the  resistance  coils,  the  plug  is  placed  in  the 
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hole  which  is  between  the  block  connected  to  that  coil  and  the 
plate  A. 

Thus  the  action  is  the  reverse  of  that  described  in  the  last 
method,  for  here  we  insert  a  plug  to  insert  resistance,  removing  it 
to  cut  out  the  resistance.  Only  one  coil  can,  however,  be  used 
at  a  time  ;  and  if  the  plug  is  placed  between  terminals  Xi  and  x, 
the  whole  box  is  short-circuited.  Fig.  9  shows  a  box  of  coils 
connected  according  to  this  method.  It  is  designed  for  use  with 
a  galvanometer  as  a  set  of  'shunt  coils,*  having  respectively 
i>  Vfr»  ^"^^  tJt  o^  ^^  resistance  of  the  galvanometer.  (The  nature 
and  applicability  of  shunt  coils  will  be  dealt  with  in  Chapter  IV.) 

For  general  use  as  well  as  for  accurate  measurements,  the  form 
of  resistance-box  shown  in  figs.  5  and  6  should  be  used.  But 
where  a  means  of  rapidly  var}'ing  the  resistance  is  necessary,  the 
form  shown  in  fig.  7  is  often  employed.  As  we  have  already 
remarked,  resistance  varies  considerably  with  temperature,  whence 
every  set  of  coils  should  have  marked  on  the  case  the  temperature 
at  which  they  were  measured.  Then  for  very  accurate  tests  they 
may  either  be  brought  to  that  temperature  or  a  correction  made 
in  the  reading,  but  in  any  case  it  is  known  whether  any  great  error 
is  likely  to  be  caused  by  using  them  at  any  particular  temperature. 

It  sometimes  happens,  however,  that  sets  of  resistance  coils  are 
required  merely  for  the  purpose  of  dissipating  a  certain  amount  of 
electrical  energy.  For  instance,  it  becomes  necessary,  when 
employing  some  dynamo-electric  machines,  to  reduce  the  electrical 
output  in  response  to  a  correspondingly  reduced  demand  made 
upon  it  by  the  external  circuit ;  and  this  can  be  done  by  joining 
extra  resistance  in  series  with  the  magnet  coils,  and  allowing  some 
of  the  power  to  be  expended  in  heating  this  extra  resistance.  In 
such  cases  it  is  not  necessary  to  know  exactly  the  value  of  the 
resistance  in  ohms,  but  it  must  be  divided  into  a  number  of  ap- 
proximately uniform  sections,  so  that  its  value  can  be  changed 
gradually.  As  the  currents  employed  are,  in  such  cases,  very 
powerful,  it  is  important  that  the  coils  should  be  able  to  withstand 
a  considerable  rise  in  temperature  without  being  in  any  way  in- 
jured. The  wire  must  therefore  be  left  bare,  so  that  the  heat 
generated  can  be  dissipated  by  radiation  and  convection.  Were 
the  wire  to  be  covered  with  any  insulating  material,  the  dissipation 
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by  both  these  processes  would  be  impeded,  and  there  would  be 
the  further  disadvantage  that  this  sheathing  would  be  sooner  or 
later  damaged,  if  not  destroyed.  The  wire  should  be  of  a  metal 
^which  has  a  fairly  high  specific  resistance  and  fusing  point,  and 
should  not  be  liable  to  deterioration  by  combining  with  atmo- 
spheric oxygen.  For  these  reasons,  German  silver  and  tinned 
or  galvanised  iron  are  usually  employed,  but  in  special  cases 
platinoid  is  resorted  to.  It  is  essential  to  select  for  the  supporting 
frame  a  material  which,  while  strong,  is  also  non-inflammable  and 
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a  good  insulator,  with  the  smallest  possible  power  of  condensing 
atmospheric  moisture  upon  its  surface.  In  fig.  lo  is  shown  such 
a  set  of  resistances,  constructed  by  Messrs.  Goolden  &  Co.,  and 
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suitable  for  carrying  very  heavy  currents.  There  are  two  cast-iron 
end  frames,  which  are  hollow  and  have  slate  slabs  fitted  into  them, 
these  slabs  being  held  in  position  by  bolts  which  pass  through 
both  the  slate  and  iron  frame.  The  slabs,  projecting  inwards  from 
the  frames,  carry  a  series  of  brass  bolts  and  nuts,  on  to  which  are 
fixed  the  ends  of  spirals  of  bare  German-silver  wire.  Slate  is  an 
effective  insulator  for  the  purpose,  and  the  device  of  passing  the 
connecting  bolts  right  through  it  and  securing  them  with  nuts, 
instead  of  trusting  to  a  screw-thread  cut  in  the  material,  renders  it 
mechanically  satisfactory.  The  frame  is  completed  and  made 
rigid  by  a  pair  of  iron  rods  which  are  secured  to  the  cast-iron  ends. 
The  whole  of  the  spirals  are  joined  in  series,  the  terminals  for  con- 
nection to  the  external  circuit  being  fixed  on  to  the  slate  through 
holes  in  the  bottom  end-frame.  The  left-hand  terminal  is  joined 
to  the  bottom  of  the  left-hand  spiral,  while  the  right-hand  ter- 
minal is  connected  to  the  lever  of  a  switch  which  passes  over  nine 
contact  pillars  rising  from  the  slate  bed  through  an  opening-  in  the 
frame.  These  pillars  are  connected  to  the  lower  junctions  of  the 
spirals,  and  by  altering  the  position  of  the  switch  the  spirals  can 
be  cut  in  or  out  of  circuit,  in  pairs,  as  desired.  The  iron  frames 
are  12  inches  in  width,  the  length  being  varied  up  to  about 
•2  feet  6  inches  by  the  employment  of  connecting  rods  of  different 
lengths.  A  set  of  resistances  similar  to  that  illustrated  is  capable 
of  dissipating  about  1,000  watts  without  undue  heating. 

We  have  seen  that  whenever  a  current  of  electricity  flows,  a 
certain  amount  of  energy  is  expended  ;  and  it  is  necessary  to  be 
able  to  measure  exactly,  the  amount  of  energy  so  expended  in  any 
circuit  or  in  any  part  thereof.  The  quantity  of  work  performedon 
laising  a  mass  of  one  pound  through  a  difference  of  level  of  one 
foot  against  the  force  of  gravity,  is  generally  taken  as  the  unit  of 
mechanical  energy  and  is  known  as  the  foot-pound.  The  work 
done  in  raising  any  mass  through  any  height,  is  found  by  simply 
multiplying  together  the  number  of  pounds  in  that  mass  by  the 
number  of  feet  through  which  it  is  lifted.  Somewhat  similarly  we 
can  take  as  the  practical  unit  of  electrical  energy,  the  amount 
expended  in  transferring  a  unit  quantity  of  electricity  (one 
coulomb)  through  a  difference  of  potential  of'  one  volt  And  by 
multiplying  the  number  of  coulombs  which  have  flowed  from  one 
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point  to  another  by  the  difference  of  potential  in  volts  between 
those  points,  we  obtain  the  number  of  units  of  electrical  energy 
expended  during  the  passage  of  the  current.  The  unit  of  elec- 
trical energy,  or  one  coulomb  multiplied  by  one  volt,  is  called  the 
joule.  As  a  simple  numerical  example  we  may  suppose  a  current 
of  xo  amperes  to  flow  for  5  seconds,  then  the  quantity  of  electricity 
passing  through  the  circuit  would  be  50  coulombs,  and  ]£  this 
current  were  maintained  by  a  potential  difference  of  8  volts,  the 
amount  of  energy  expended  in  that  time  would  be  8  x  50  ss  400 
loules. 

As  a  rule  we  wish  to  know  the  rate  at  which  work  is  being 
done  in  any  circuit,  rather  than  the  amount  which  is  done  in  a 
given  time.  It  is  evident  that  this  rate  can  always  be  found  by 
dividing  the  amount  of  vrork  by  the  number  of  seconds  taken  for 
its  performance,  but  the  same  result  can 'be  arrived  at  by  multiply- 
ing together  the  potential  difference  and  the  rate  of  transference  or 
flow  of  electricity,  instead  of  the  quantity  actually  transferred  in  a 
given  time.  Now  the  rate  of  flow  of  electricity  is  what  we  know 
as  the  current  strength,  which  is  measured  in  amperes*  There- 
fore, if  the  difference  of  potential  in  volts  between  any  two  points 
is  multiplied  by  the  resulting  current  in  amperes,  the  product  g^ves 
the  rate  at  which  energy  is  being  expended,  or  the  rate  of  working 
between  those  two  points.  The  unit  rate  of  working  or  the  unit 
ol  power  is  called  the  rc/^y//— that  is  to  say,  i  ampere  x  i  volt  = 
I  watt.  Therefore,  if  a  difference  of  potential  of  20  volts  between 
the  ends  of  a  wire  maintains  a  current  of  3  amperes,  the  rate 
of  working  is  3  x  20  =  60  watts. 

It  is  desirable  that  the  relation  between  mechanical  and  elec- 
trical rates  of  working  should  be  understood.  The  mechanical 
unit  is  termed  the  'horse-power,'  and  is  equal  to  that  rate  of 
working  which,  if  continued  for  one  minute,  would  expend  33,000 
foot-pounds  of  energy,  or  raise  33,000  pounds  one  foot  in  height 
One  horse-power  is  equal  to  746  'watts,  so  that,  having  calcu- 
lated the  number  of  watts  absorbed  in  any  particular  case,  on 
dividing  this  number  by  746  we  get  the  rate  of  working,  or  rate  of 
loss  of  energy,  e^cpressed  in  horse-power.  This  power  of  746  watts 
is,  therefore,  frequently  referred  to  as  the  electrical  horse-power. 
Subsequent  to  the  passing  by  Parliament  of  the  Bill  making 


46  Electrical  Engineering  cmlap.  h. 

the  Board  of  Trade  the  arbiters  of  the  destinies  cf  electric  lighting 
concern^  the  Board  selected  a  larger  practical  unit  of  electrical 
power.  It  is  ktlown  as  the  Board  of  Trade*  unit,  and  is  equal  to 
,i,obo  watts,  or  the  power  expended  by  i,ooo  amperes  at  a  potential 
difference  of  i  volt  A. convenient  name  for  this  unit  is  the  kilo* 
watt 

The  units  .described  in  this  chapter  are  those  which  are,  and 
which  will  continue  to  be,  employed  in  practice  by  the  electric 
lighting  engineer.  No  effort  should  therefore  be  spared  to  master 
the  simple  relatidn  existing  between  the  ampere,  volt,  ohm,  horse- 
power, &c. 

But  it  is  advisable  to  know  the  method  by  which  the  various 
electrical  units  have  been  evolved,  for  they  have  not  .been  selected 
arbitrarily,  like  the  pound,  yard,  and  gallon,  but  are  built  up  on 
the  fundamental  conceptions  of  length,  time,  and  quantity  of 
matter,  and  are  inseparably  linked  together.  Perhaps  the  simplest 
measurable  quantity  which  we  can  conceive  is  that  of  length, 
and  in  deciding  upon  a  unit  of  length  an  effort  was  made  to 
select  some  unalterable  natural  distance.  The  length  of  an  earth 
quadrant— tfiat  is,  the  distance  from  the  equator  to  the  pole 
along  a  meridian — was  agreed  upon,  and  one  ten-millionth  part  of 
this  taken  as  the  practical  standard  of  length,  and  cilled  a  metre. 
The  original  measurement  of  the  earth  quadrant  proved  to  be  con- 
siderably in  error,  and  consequently  the  simple  relation  between 
it  and  the  metre  was  upset.  But  the  metre  thus  determined  is 
retained  as  the  standard  of  length,  and  one  hundredth  part  of  this 
length,  called  one  centimetre,  is  taken  as  the  basis  of  the  units 
upon  which  the  system  now  to  be  briefly  described  has  been 
reared.  A  square  centimetre  is  the  area  contained  in  a  square 
each  of  whose  sides  is  one  centimetre,  and  a  cubic  centimetre  is 
the  volume  contained  in  a  cube  each  of  whose  edges  is  one  centi- 
metre in  length. 

The  next  unit  required  is  that  of  mass,  or  quantity  of  matter, 
and  it  should  be  remembered  that  the  force  of  gravity  acts  upon 
every  body  in  exact  proportion  to  its  mass,  or  the  quantity  of 
matter  in  it,  independently  of  its  size  ;  therefore,  what  we  know 
as  the  weight  of  any  substance  is  exactly  proportional  to  its  mass. 
The  unit  of  mass  is  called  the  gramme.     It  is  equal  to  the  mass 
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contained  in  a  cubic  centimetre  of  pure  water  at  its  maximum 
density,  i.e.  at  4*^  Centigrade. 

The  third  unit,  that  of  time,  's  called  the  second.  It  is  the 
length  of  time  known  in  England  by  that  name,  and  is  the  86,400th 
part  of  a  mean  solar  day. 

The  great  value  of  a  system  built  upon  such  units  as  those 
described  is  that  it  is  always  possible  to  recover  any  one  of  them, 
and  so  reconstruct  or  verify  the  system  if  necessary,  although  the 
process  is  no  doubt  difficult  and  tedious.  The  terth  '  absolute ' 
has  been  applied  to  such  a  system,  but  it  is  not  easy  to  see  the 
precise  application  of  the  word  here.  It  is  usual,  and  certainly 
far  better,  to  refer  to  it  as  the  centimetre-gramme-second,  or  the 
C.G.S.,  system. 

The  next  conception  in  order  of  simplicity,  is  that  of  the  rate 
at  which  a  mass  of  matter  changes  its  relative  position^,  or  the 
velocity  with  which  it  moves.  Velocity  is  estimated  by  dividing 
the  distance  in  centimetres  through  which  a  body  moves  by  the 
time  in  seconds  taken  to  travel  that  distance.  The  unit  is  a 
velocity  of  one  centimetre  per  second. 

A  mass  of  matter  cannot,  by  any  property  belonging  to  it, 
change  its  position  or  its  state  of  rest  or  motion,  by  itself.  That 
which  is  competent  to  move,  stop,  or  vary  the  motion  of  a  mass 
of  matter  is  called  force,  and  the  greater  the  force,  and  the  longer 
the  time  during  which  it  acts,  the  greater  will  be  the  increase  or 
decrease  in  the  velocity  of  a  given  mass.  The  unit  of  force  is 
called  the  dyne  ;  one  dyne  is  that  force  which,  by  acting  upon  a 
mass  of  one  gramme  during  one  second,  can  impart  to  it  a  velocity 
of  one  centimetre  per  second. 

When  the  position  of  a  body  is  changed  in  opposition  to  any 
resisting  force,  work  is  done  or  energy  expended,  the  amount  being 
estimated  by  multiplying  together  the  force  overcome  and  the 
distance  through  which  it  is  overcome.  The  unit  of  work  is  called 
the  *  erg,'  and  is  that  work  done  when  a  force  of  one  dyne  is  over- 
come through  a  distance  of  one  centimetre  ;  the  energy  expended 
is  in  every  case  equal  to  the  work  done,  therefore  the  erg  is  also 
the  unit  of  energy.  We  have  seen  that  the  practical  unit  of  work, 
or  expenditure  of  energy,  is  the  joule  :  and  one  joule  is  equal  to 
ten  million  ergs.     Consequently,  the  practical  unit  of  power,  or 
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rate  of  doing  work,  called  the  watt,  is  equivalent  to  ten  million 
ergs  per  second. 

Current  strength  is  measured  by  the  quantity  of  electricity 
which  flows  past  any  point  in  a  circuit  per  second.  The  unit  is 
that  current  strength  which,  when  one  centimetre  of  its  path — 
that  is  to  say,  one  centimetre  of  the  conductor  carrying  the  current — 
is  curved  into  an  arc  of  one  centimetre  radius,  exerts  a  force  of  one 
dyne  upon  a  unit  magnet  pole  placed  at  its.  centre.  The  condi- 
tions of  this  unit  will,  however,  be  better  understood  after  study- 
ing Chapter  IV.  The  practical  unit  which  is  called  the  'ampere' 
is  equal  to  one-tenth  of  this  so-called  *  absolute '  unit 

The  unit  quantity  of  electricity  is  that  quantity  conveyed  by 
unit  current  in  unit  time.  The  practical  unit,  the  coulomb,  is 
therefore  also  one-tenth  of  the  absolute  unit 

The  unit  difference  of  potential  between  two  points  exists  when 
one  erg  of  work  has  to  be  performed  in  urging  one  unit  of  elec- 
tricity against  the  electric  force,  or  when  one  erg  is  expended  by 
the  flow  of  one  unit  of  electricity  from  one  point  to  the  other.  The 
volt  or  practical  unit  is  100,000,000  times  the  absolute  unit 

Unit  resistance  exists  when  unit  difference  of  potential  causes 
unit  current  strength  to  flow  through  it.  It  follows,  therefore, 
that  the  ohm  is  equal  to  1,000.000,000  absolute  units.  The  units 
which  chiefly  claim  our  attention  are  those  of  current,  quantity, 
potential  difference,  and  resistance.  It  is  not  possible  to  provide 
an  invariable  physical  standard  of  either  of  these  except  resistance, 
which  fact  to  a  certain  extent  increases  the  importance  attached 
to  the  unit  of  resistance.  As  has  been  pointed  out,  a  reliable 
physical  standard,  in  the  form  of  a  column  of  mercury  of  certain 
dimensions,  has  been  selected  to  represent  the  ohm. 
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CHAPTER  im 

PRIUART  BATTEltlBS. 

A  CTRRENT  of  electricity  can  be  maintained  in  a  numBer  of  ways. 
One  of  these  is  by  means  of  primary  cells.  A  primary  cell  con- 
sists of  a  vessel  containing  a  saline  or  acidulated  solution,  in  which 
are  immersed  two  solid  conductmg  bodies,  one  of  which  is  more 
assailable  than  the  other  by^the  liquid  When  two  or  more  cells 
are  joined  toget^  er  to  increase  the  effect,  the  combination  is  known 
as  a  battery. 

Primary  cells  can  be  divided  into  two  claddte,  viz.  (a)  single- 
fluid,  or  those  in  which  only  one  solution  is  used,  and  (l)  double- 
fl^'id,  or  those  in  which  two  solutions 
are  employed. 

The  single-fluid  cells  are  typified 
by  the  *  simple  cell,'  which  was  referred 
to  on  page  2,  and  which  consists  of 
a  glass  or  earthenware  vessel  (fig.  11) 
nearly  filled  with  water  acidulated  \cith 
a..amall  proportion  of,  say,  sulphurie 
add,  and  containing  a  piece  of  zinc,  a, 
and  a  piece  o(  copper,  b.  On  connect*  _ 
ing  the  plates  by  a  piece  of  wire,  d  c, 
and  thereby  causing  the  current  to  flow,  the  surface  of  the  zinc 
is  attack^  and  sulpdate  of  zinc  is  formed,  hydrogen  gas  being 
liberated  at  the  surface  of  the  plate  b. 

This  reaction  may  be  represented  by  an  equation,  thus  :• 

Zn    +    SO4H,    «    SO^Zn    +    H, 

ZUm.         Sic^horio  acid    SuJphate  of  nne.  Hydrogen. 

Mo  chemical  effect  whatever  is  produced  on  the  surface  of  the 
plate  B|  and  it  may  here  be  noticed  that  the  plate  which  is  more 
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or  less  dissolved,  is  called  the  positive  plate,  the  other  being  called 
the  negative  plate.  Chemical  action  may  he  supposed  to  take 
place  throughout  the  entire  length  of  the  liquid  or  the  distance 
between  the  plates,  but  it  is  not  manifest  except  at  the  surfaces  of 
the  plates,  and,  for  convenience'  sake,  it  may  be  said  to  commence 
at  the  positive  plate — that  is  to  say,  the  acid  particles,  or,  more 
correctly  speaking,  molecules*  in  contact  with  the  zinc  plate  may 
be  assumed  to  be  the  first  decomposed,  the  hydrogen  thus 
liberated  attacking  the  next  succeeding  acid  molecules  in  a  similar 
manner.  Hydrogen  is  again  liberated,  which  again  in  its  turn 
decomposes  the  adjacent  acid  molecules.  A  series  of  decom- 
positions and  recompositions  is  thus  propagated  throughout  the 
entire  liquid  by  a  process  of  repetition,  molecule  for  molecule, 
resulting  finally  in  the  deposition  of  the  free  hydrogen  on  the 
copper  or  negative  plate.  As  the  hydrogen  thus  deposited  does 
not  enter  directly  into  chemical  union  with  any  of  the  simple 
metals,  it  remains  in  the  gaseous  state.  The  resultant  changes 
present  the  appearance  of  the  acid  alone  being  affected,  while  the 
water  remains  constant  and  unchanged.  The  action  may  be 
expressed  in  chemical  formulae,  thus  : — 

Before  action. 


I  SO.H,  SO4HJ  SO4HJ  S04Ha  SO4H,  I 

Zinc  or  +  Copper  or  * 

In  action. 


fSO;  HaSOi  HaSO^  HjS04  HJSO4  HTl 

Zinc  or  +  Copper  or  — 

The  hydrogen  is  here  released  in  a  definite  ratio  to  the  amount 
of  zinc  dissolved.  In  fact,  we  may  take  it  as  an  established  law 
that  the  ratio  between  the  weight  of  zinc  dissolved  and  that  of 
the  hydrogen,  &c.,  released  by  the  passage  of  the  current,  is 
invariable,  and  that  this  ratio  is  dependent  upon  their  respective 
electro-chemical  equivalents. 

We  see  by  the  above  equation  that  for  every  atom  or  equiva- 
lent of  zinc  dissolved  or  converted  into  sulphate  of  zinc,  two 
atoms  of  hydrogen  are  liberated..  An  atom  may  be  defined  as  the 
smallest  possible  quantity  of  an)  substance  capable  of  entering 
into  or  passing  out  of  combination  ;   and  it  will  be  seen,  on 


CBAP.  ni. 


Atomic  Weights 


45 


referring  to  the  accompanying  table  of  atomic  weights,  or  of  the 
relative  weights  of  individual  atoms  of  some  of  the  more  important 
substances,  that  an  atom  of  hydrogen  weighs  less  than  one  of  any 
other  substance  : — 


Table  op 

Atomic  Wbights  and  Equivalents. 

Symbol 

and 
Valency 

E]eetroK:hemical 

Elemenu 

Atomic 
Weight 

Chemieal 
Equivalent 

Equivalent 
(Milligrammet 
per  Coulomb) 

H* 

X* 

!• 

"010384 

Potassium    . 

K» 

39  "^H 

39 'CH 

•40539 

Sodium 

Na» 

aa-99 

aa-99 

•23873 

Aluminium  . 

Al« 

a7-3 

9'« 

^449 

Magnesium 

Mg» 

a3*94 

xi-97 

•10430 

Gold    .... 

Au« 

196*3 

65-4 

•67911 

Silver  .... 

Agi 

X07-66 

X07-66 

I '1 1800 

Copper  (Cupric)  . 

Cu' 

63- 

3«S 

•33709 

,,      (Cuprous) 

Cu» 

63- 

63. 

•654x9 

Mercury  (Mercuric) 

'  5«J 

199*8 

99*9 

1-03740 

(Me  curous)  . 

Hg» 

199-8 

1998 

3*07470 

Tin  Stannic) 
.,    (Sunnous)    • 

Sn« 

ii7"8 

ao-4S 

•30581 

Sn» 

1 17  "8 

58*9 

*6xx63 

Iron  (Ferric) 
M     (Ferrous)     . 

Fe* 

55*9 

1864 

•X9356 

Fe» 

55*9 

«7*95 

•29035 

Nickal 

Ni* 

586 

99-3 

•30425 

Zinc     .... 

Zn« 

65- 

3as 

•33696 

Lead    .... 

Pb» 

ao6-4 

103*3 

X -07x60 

Elbctro-Negativk. 

Oxygen 
Chlorine 

o» 

15-96 

7-9« 

-08386 

Cl» 

35*37 

35*37 

•36738 

Iodine 

I' 

»36S3 

136*53 

X  31390 

Bromine 

Br» 

7975 

79*75 

•8a8i3 

Nitrogen      . 

N» 

Z4*ox 

4*67 

-04849 

It  is  in  consequence  of  this  fact  that  hydrogen  is  taken  as  the 
standard  in  calculating  the  atomic  weights  of  the  various  simple 
or  elementary  bodies.  It  will  also  be  observed  that  an  atom  of 
zinc  weighs  sixty-five  times  as  much  as  an  atom  6f  hydrogen. 
The  meaning  of  the  equation,  therefore,  is  that  for  every  sixty-five 
parts  by  weight  of  zinc  dissolved,  two  parts  by  weight  of  hydrogen 
are  liberated  ;  consequently,  if  we  again  regard  the  relative  depo- 
sition of  hydrogen  as  the  standard,  the  weight  of  zinc  dissolved  will 
be  32*5  times  as  much,  or,  in  other  words,  the  electro -chemical 
eauivalent  of  hydrogen  being  unity,  that  of  zinc  is  32  '5.     The  equi- 


46 


Electrical  En^^neiring 


valents  of  the  other  elementary  bodies  enumerated  in  the  table 
have  been  calculated  in  a  similar  way. 

The  liberated  hydrogen,  in  consequence  of  its  low  specific 
gravity,  exhibits  a  tendency  to  rise  through  the  water  and  escape 
into  the  air.  Only  a  portion,  however,  of  the  gas  escapes  in 
this  way,  a  large  proportion  adhering  to  the  copper  plate  and 
forming,  as  it  were,  a  gaseous  film  over  the  metallic  surface. 
This  accumulation,  due  to  a  variety  of  causes,  is  fisunlitated  by  the 
opposite  polarities  or  electrical  conditions  of  the  copper  and 
hydrogen  which  cause  a  mutual  attraction  to  set  in.  There  is  a 
double  effect  of  the  accumulation  which  soon  becomes  apparent, 
for  a 'gradual  diminution  in  the  current  sets  in,  consequent  first  on 
the  decrease  in  the  copper  surface  exposed  to  the  liquid  '^ which 
involves  a  proportional  increase  in  the  internal  resistance  of  the 
cell),  and,  secondly,  on  the  tendency  on  the  part  of  the  positively 
electrified  hydrogen  film  to  set  up  a  contrary  current  Frte 
hydrogen  is,  in  fact,  more  positive  than  the  «nc  itself.  When  this 
condition  is  arrived  at,  the  cell  is  said  to  be  polarised.  The  effect 
yic.  la.  of  the  passage  of  a  current  being,  therefore,  a 

reduction  of  the  dectro-motive  force  of  the 
cell,  such  a  combination  is  manifestly  useless 
for  purposes  requiring  a  continuous  and  uniform 
current 

To  overcome  this  really  strong  objection 
Smee  constructed  a  cell  (fig.  12),  the  peculiarity 
of  which  consisted  in  the  nature  of  the  surface 
of  the  negative  plate.  It  had  been  ascertained 
that  a  smooth  surface  engenders  a  much  more 
rapid  accumulation  of  hydrogen  than  does  a 
roughened  surface.  Accordingly,  he  used  for 
his  negative  plate  a  thin  sheet  of  silver  covered 
'with  platinum  in  a  state  of  very  fine  division,  so  that  an  irregular 
surface  was  produced.  So  treated  the  plate  is  known  as  platinised 
silver.  There  are  two  zinc  plates  connected  to  the  same  terminal, 
but  placed  one  on  each  side  of  the  silver,  the  solution  being  x  of 
acid  to  10  of  water.  This  cell,  which  is  still  lai^gely  used,  is 
considerably  more  lasting  than  the  simple  cell  ;  the  unevenness  of 
the   negative  surface   facilitates  the    ascension  of  the  hydrogen 
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particles  more  nearly  in  proportion  to  the  rate  of  production.  It 
hxi3  also  a  higher  electro-motive  forc^  because  of  the  substitution 
for  copper  of  a  more  electro-negative  plate.  This  form  of  battery 
is  useful  where  currents  are  required  for  brief  periods,  but  it  is  far 
from  being  a  constant  cell,  that  is,  one  which  yields  a  continuous 
and  uniform  current  When,  however,  the  ceU  is  put  together  of 
abnormally  large  proportions,  it  approximates  more  nearly  to  the 
condition  of  a  constant  cell,  and  is  used  as  such  by  many  electro- 
platers. 

The  Smee  cell  is  capable  of  being  manyfactured  in  a  very 
compact  form.  The  silver  foil  is  fixed  in  a  frame  made  by  fasten- 
ing together  four  pieces  of  wood  about  half  an  inch  square  in 
section,  the  upper  edge  of  the  foil  being  connected  to  a  brass 
terminal  on  the  top  of  the  frame.  The  plates  of  zinc,  a  trifle 
larger  tlian  the  foO,  are  placed  against  the  two  sides  of  the  frame 
and  all  three  a^e  then  damped  together  b}-  a  strong  brass  terminal 
or  clamp  w^ich  is  placed  in 'contact  with  the  zincs.  The  ad- 
vantage gained  by  this  form  of  construction  is  that  the  internal; 
resistance  of  the  cell  is  very  low  ;  first,  because  the  two  rinc  plates 
ere  opposite  to  the  two  sides  of  the  foil,  and,  secondly,  because 
the  distance  between  the  foil  and  the  zincs  is  very  small.  The 
wooden  frame  is  necessary,  to  support  the  thin  silver  foil  and  to 
prevent  it  touching  either  of  the  zinc  plates.  Were  there  any 
other  simple  means  of  preventing  this  contact,  the  frame  might 
be  dispensed  with. 

There  is  in  use  at  the  Royal  Observatory  at  Greenwich  a 
remarkably  simple  and  useful  modification  of  the  Smee  cell.  It 
consists  of  a  plate  of  zinc  and  a  plate  of  good  gas-retort  carbon, 
the  upper  portion  of  which  is  rendered  non-porous  by  immersion 
in  hot  paraffin  wax.  The  solution  is  one  of  dilute  sulphuric  acid, 
the  add  being,  however,  very  pure.  The  hydrogen  bubbles  can 
be  seen  rising  freely  tiurough  the  solution,  instead  of  adhering  to 
the  uneven  surface  of  the  carbon.  The  resistance  of  the  cell  is 
very  low,  and  its  electro- motive  force,  after  a  few  minutes,  remains 
steady  at  about  half  a  volt 

A  far  more  important  cell  than  the  Smee  is  the  Leclanch6  (fig. 
X3)>  ^n  which  a  zinc  rod,  z,  is  vsed  as  the  positive  plate,  while  the 
negative  plate  c  takes  the  form  of  a  rod  or  slab  of  gas  carbon,  or 
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of  prepared  carbon.  The  gas  carbon  is  one  of  the  by-producU  in 
the  manufacture  of  gas,  and  is  formed  by  the  condensation  of  a 
portion  .of  the  carbon  in  the  cooler  portions  of  the  retort  The 
iTicj^i  prepared  carbon  is  made  by  sub- 

jecting to  considerable  pressure, 
at  a  high  temperature,  a  mixture 
of  powdered  carbon  and  some 
I  treacly  substance  which  is  em- 
ployed for  cementing  the  carbon 
particles.  The  carbon  plate  is 
placed  inside  a  vessel  of  porous 
(unglazed)  earthenware,  which  is 
then  filled  with  a  mixture  of 
crushed,  but  not  powdered,  carbon 
and  black  oxide  of  inanganese. 
The  latter  shouM  be  of  the  *  needle' 
or  granular  form,  care  being  taken 
to  exclude  powder  or  dusL  The 
outer  vessel,  c,  is  generally  of  glass, 
which  enables  the  condition  of  the 
cell  to  be  observed  without  remov- 
ing any  of  the  parts.  The  liquid 
consists  of  a  saturated  solution  of  sal-ammoniac,  or  chloride  of 
ammonium,  the  porosity  of  the  inner  jar  allowing  the  solution  to 
diffuse  itself  somewhat  freely,  and  so  to  moisten  the  mixture  of 
carbon  and  black  oxide. 

The  zinc  combines  with  the  chlorine  of  the  sal-ammoniac, 
forming  zinc  chloride,  simultaneously  releasing  hydrogen  and 
ammonia,  which  latter  dissolves  in  the  water  until  a  saturated 
solution  is  obtained — that  is  to  say,  until  the  solution  holds  as 
much  as  it  can  support — after  which  it  escapes  as  a  gas  readily 
recognised  by  its  characteristic  odour.  It  may,  however,  be 
remarked  that  water  is  not  saturated  with  ammonia  un^il  it  has 
absorbed  727  times  its  volume  of  the  gas  at  a  temperature  of 
i5'5**  C.  or  60®  F.  The  hydrogen,  so  far,  remains  free,  as  shown 
by  the  equation  : — 

Zh  +  2NH,C1  «  ZnCl,  +  2NH,  +  H, 

.  Zinc.        Sid-«uBinoiiuic     Zinc  chloride.      Ajamontiu     Hydr^a. 
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It  is,  however,  ultimately  released  inside  the  innel*  rtftsel,  and 
there  it  deprives  the  manganic  oxide  of  some  of  its  oxygen,  forming 
water  and  scsqui-oxide  of  manganese,  thus  : — 


H,   +   2MnO,  c=  OH, 

+   MnjO, 

dros«n.         Manganic             Water. 

^c*qui•o«itl«  ttf 

oxide. 

ni*nean«»«. 

The  entire  action  may  be  represented  by  a  single  equation, 
thus.: — 

Zn  +  2NH1CI+  2MnO,=ZnCl,  +  2NH3  +  OH,  +  Mn,0,. 

The  action  so  represented  is,  of  course,  similar  to  that  of  the 
"simple  cell  or  the  Smcc,  in  so  far  as  concerns  the  propagation  of 
the  series  of  decompositions  and  rccompositions.  There  i#,  how- 
ever, a  subsequent  or  sccoiidar)-  reaction  between  the  rinc  chloride 
and  the  other  constituents  of  the  solution,  resulting  in  the  fonna- 
tion  of  what  are  called  double  salts,  which  tend  to  impede  the 
efficient  working  oi  the  cell. 

One  great  advantage  this  battery  has  over  most,  if  not  all  other 
forms,  is  that  it  docs  not  in  any  way  deteriorate  by  inactivity, 
unless  the  evaporation  of  the  water  can  be  regarded  in  this  light, 
but  even  that  may  be  prevented.  It  is  no  unusual  experience  for 
these  cells  to  remain  in  work  for  upwards  of  a  year  without  the 
necessity  for  any  attention  whatever,  and  even  then  it  is  probable 
that  a  jug  of  water  is  all  that  is  required.  It  will  be  seen,  from  a 
study  of  the  equations  given  above,  that  the  working  of  the 
battery  rdsults  in  the  gradual  absorption  of  the  zinc,  and  the 
decomposition  of  the  sal-ammoniac,  &c.,  which  accordingly  require 
replenishing  at  times.  A  whitish-yellow  turbidity  in  the  solution 
indicates  the  presence  of  an  excessive  amount  of  zinc  chloride  in 
proportion  to  the  amount  of  sal-ammoniac,  which  latter  should 
then  be  increased,  although  it  iCould  be  as  well  to  remove  a  por- 
tion of  the  solution  and  then  fill  up  with  water  before  adding  the 
sal-ammoniac. 

Considerable  care  is  taken  in  the  construction  of  this  cell.  As 
both  sal-ammoniac  and  ammonia  are  corrosive  and  attack  copper, 
brass,  &c.,  all  the  exposed  metallic  surfaces  should  be  well  served 
with  gvtta-percha,  pitch,  paraffin  wax,  or  some  other  non-corrosivo 
and  impervious  material 
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Where  the  batteries  are  made  in  ver^r*  large  quantities,  it  is  the 
practice  to  drill  two  small  holes  through  the  upper  extremities  oi 
the  carbons,  and,  after  raising  these  ends  to  a  high  temperature, 
to  dip  them  into  melted  paraffin  wax.  They  are  subsequently 
placed  into  a  mould  containing  molten  lead,  a  terminal  or  binding- 
screw  being  cast  into  this  leaden  pap  at  the  same  time.  The 
function  of  the  wax  is  to  close  the  pores  in  the  upper  portion  of 
the  carbon,  and  so  to  prevent  the  ammoniacal  solution  from 
creeping  up  to  the  terminal  or  leaden  cap.  Lead  is  interposed 
between  the  waxed  carbon  and  the  brass  terminal  because  it  is  the 
least  assailable  of  the  ordinary  metals.  Pitch  is  run  over  the 
carbon-manganese  mixture  to  keep  the  mixture  and  the  carbon 
rod  in  position,  and  to  form  an  impervious  covering,  holes  being 
made  in  it,  however,  to  permit  any  hydrogen  or  other  gases  that 
may  be  formed  to  escape.  The  upper  parts  of  the  porous  pot, 
and  the  xinc  rod  and  the  connections,  are  likewise  coated  with 
pitch.  Sometimes  an  india-rubber  cover  is  made  to  fit  over  the 
top  of  the  battery,  so  as  to  hold  the  porous  pot  and  the  zinc  per- 
manently in  position,  and  to  prevent  the  evaporation  of  the  water. 

The  electro-motive  force  of  this  battery  is  nearly  twice  that  of 
the  Smee,  while,  owing  to  the  large  surface  exposed,  more  par- 
ticularly at  the  negative  plate,  the  internal  resistance  is  also  low. 
The  cell  is,  however,  only  useful  for  sending  occasional  or  inter- 
mittent currents,  such  as  are  required  in  electric-bell  work.  In 
fact,  the  chief  objection  to  this  battery  is  the  great  rapidity  with 
which  it  polarises  and  so  becomes  temporarily  useless,  owing 
probably  to  the  fact  that  hydrogen  is  liberated  faster  than  the 
manganic  oxide  can  be  decomposed.  Consequently,  a  more  or 
less  perfect  film  of  hydrogen  is  deposited  over  the  surface  of  the 
carbon.  That  this  is  the  case  is  in  a  measure  demonstrated 
by  the  fact  that  if  the  cell  is  allowed  to  stand  idle  for  a  brief 
interval  of  time  it  will  again  yield  its  full  current  This  inter- 
mittent action  obviously  limits  very  materially  the  cell*s  sphere  of 
usefulness.  The  defect,  although  very  marked  when  the  resistance 
of  the  circuit  is  very  low,  is  reduced  to  a  minimum  when  the 
resistance  is  high,  because  the  current  is  then  feeble  and  the 
chemical  reactions  proportionately  less.  The  fact  that  the  con- 
stituenis  of  the  cell  remain  inacHve  when  the  cell  is  idle,  is  a  point 


ttbkp.  in.  Agglomerate  Leclanche  51 

of  very  considerable  importance,  and  is  a  very  useful  feature,  for 
it  means  that  there  is  no  wasteful  action  in  the  battery,  such  as 
we  shall  find  there  is  fn  practically  every  other  type  of  battery— at 
least,  in  every  battery  in  which  an  acid  plays  a  part.  Cleanliness 
is,  however,  absolutely  necessary  in  dealing  with  the  Leclanche, 
or,  mdeed,  with  any  other  form  of  battery,  and  it  is  essential  that 
the  containing  vessel,  whether  of  glass  or  earthenware,  should  be 
kept  dry  externally.  The  latter  desideratum  is  usually  accomplished 
by  coatmg  the  upper  portion  of  the  outer  surface  of  the  vessel 
with  pitch  or  some  other  such  substance  as  will  not  permit  the 
liquid  to  '  creep '  over  its  surface,  for  the  salt  (sal-ammoniac)  has 
a  strong  tendency  to  crystallise  out.  Should  the  solution  be 
all6wed  to  creep,  we  have  to  contend  not  only  with  the  waste  of 
salt  so  occasioned,  bui  also  with  the  *  leakage '  of  electricity  that 
would  take  place  over  the  moistened  external  surface- 

There  is  a  modification  of  the  Leclanchd  which  is  of  some 
importance  and  which  is  known  as  the  *  agglomerate '  Leclanche. 
The  negative  element  consists  of  a  carbon  plate  or  block,  having 
in  contact  with  it  blocks  of  agglomerated  carbon  and  manganese. 
The  latter  are  prepared  by  intimately  mixing  40  parts  of  man- 
ganic oxide,  55  parts  of  gas  carbon,  and  5  parts  of  gum  lac  resin, 
and  submitting  the  mixture,  placed  in  a  steel  mould,  to  a  tempera- 
ture of  100®  C,  applying  at  the  same  time  considerable  hydraulic 
pressure.  The  result  is  a  solid  compact  mass,  and,  as  the  chief 
function  of  the  porous  pot  m  the  older  type  is  to  support  the 
mixture  of  crushed  carbon  and  manganic  oxide,  it  is  apparent 
that  that  vessel,  which  materially  increases  the  internal  resistance 
of  the  cell,  can  be  dispensed  with.  India-rubber  bands  placed 
round  the  agglomerated  blocks  (which  in  their  turn  embrace  the 
carbon  block),  keep  the  whole  of  the  compound  negative  element 
together.  In  the  earlier  forms  of  agglomerate  cell,  rectangular 
blocks  of  agglomerated  manganic  oxide  and  carbon  were  held 
against  the  two  faces  of  a  flat  plate  or  block  of  carbon,  and  the 
india-rubber  bands  holding  the  three  blocks  together  were  specially 
made  so  as  to  hold  also  the  zinc  rod,  which  was  of  the  usual  type. 

But  a' much  better  form  is  that  known  as  the  6-bl6ck 
agglomerate  (see  fig.  14),  which  is  very  extensively  used.  The 
negative  element  consists  of  a  block  of  carbon  with  six  fluted  sides, 

B3 


52 


Electrical  Engineering 


CRAP.  m. 


Fig.  x4. 


which  is  capped  with  lead  and  fitted  wth  a  terminal  after  the -top 
of  it  has  been  steeped  in  hot  paraffin  wax.  In  each  of  the  sides 
is  laid  a  round  stick  of  the  agglomerated'  carbon  and  manganic 

oxide,  the  whole  being  wn4)j5ed 
round  with .  a  piece  of  coarse 
canvas,  and  held  in  position  by 
a  couple  of  stout  india-rubber 
bands.  The '  canvas  does  not, 
of  course,  prevent  intimate  con- 
tact between  the  rods  and  the 
solution,  nor  does  it  appreciably 
increase  the  internal  resistance 
of  the  cell,  its  function  being 
simply  to  prevent  pijeces.of  the 
agglomerate  rods  falling  out  and 
^short-circuiting'  the  cell,-  by 
joining  the  positive  and  negative 
elements  logether.  Instead  of 
employing  a  zinc  rod  foF-  the 
^  positive  elementi  a  large  piece  pf 
^  sheet  zinc  (about  ^  inch  Aick) 
IS  rolled  into  a  cylinder,  the  ap- 
proaching edges  being,  however, 
kept  a  quarter  ot  an .  inch  or  so  apart  to  allow  of  the  free  circula- 
tion of  the  solution.  In  consequence  of  the  very  large  increase  in 
the  amount  of  surface  thus  exposed  to  the  liquid,  the  internal 
resistance  is  very  considerably  reduced,  polarisation  being  also  to 
a  great  extent  prevented  or  at  least  impeded.  •  llie  current  pio- 
duCed  fs  much  more  uniform*  than  that  from  the  old  type  Le- 
clanchd.  As  a  matter  of  fact,  when  employed  upoi>circuits  ofTcrihg 
high  resistance,  an  almost  constant  current  is  produced,  and,  as 
the 'cell  is  pre-eminently  a  clean  one,  as  the  cost  of  maintenance 
is  veiy  low,  and  as  there  is  a  total  absence  of  wasteful  action  when 
the  cell  is  idle,  it  is  rapidly  gaining  ground  and  driving  out  of  the 
market  many  mother  types  of  cell,  such  as  the  l3aniell  and  the 
Bichromate  (to  be  'presently  described).  In  fact,  for  ordinary 
work  on  circuits  of  high  resistance,  or  even*  for  hard  but  mter- 
mittent  work  on  circuits  of  low  resistance,  we  know  of  few^  if  any. 
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serious  objections  to  its  use,  while,  on  the  other  hand,  it  possesses 
the  important  advantages  above  enumerated. 

The  'Standard'  cell  (fig.  15),  mvented  by  Mr.  Latimer  Clark, 
is  an  important  one..  It  is  designed  solely  as  a  standard  of  dectro- 
motive  force,  and  is  largely  employed  for 
purposes  of  measurement  It  is  made  in 
a  small  glass  vessel,  such  as  a  short  wide 
test-tube,  a  Uyer  of  pure  distilled  mercury, 
M,  being  employed  as  the  negative  plate 
which  covers  the  bottom  of  the  glass  vessel 
to  a  depth  of  half  an  inch  or  so.  ^  Over  this 
is  placed  the  'liquid' or  electrolyte,  which 
consists  of  a  thick  paste,  b,  made  by  mixing 
mercurous  sulphate  with  a  saturated  solution 
of  zinc  sulphate.  The  positive  element  is  a 
rod  of  pure  distilled  zinc,  z,  which  dips  into 
the  paste.  It  is  usual  to  seal  the  battery  by 
means  of  paraffin  wax  or  india-rubber,  s. 
Connection  is  made  with  the  zinc  by  means 
of  a  copper  wire,  c,  soldered  to  the  upper 
end  of  the  zinc  rod  passing  through  the  wax  or  rubber  stopper. 
A  platinum  wire,  p,  fused  into  the  bottom  of  the  vessel,  makes 
contact  with  the  mercury. 

It  is  highly  esssntial  that  the  constituents  of  the  cell  should  be 
absolutely  pure,  hence  the  necessity  for  re-distilling  the  zinc  and 
mercury.  The  mercurous  sulphate  can  be  made  by  dissolving 
pure  mercury,  placed  in  exdess,  in  hot  pure  sulphuric  acid.  The 
sulphate  is  an  insoluble  white  powder,  and  should  be  well  washed 
with  distilled  water  before  it  is  mixed  with  the  zinc  sulphate,  to 
remove^any  trace  of  the  mercuric  sulphate  or  of  free  acid.  The 
mercuric  contains  a  laiger  proportion  of  mercury  than  the  mer- 
curous sulphate,  and,  on  the  addition  of  water,  imparts  to  it  a 
yellowUh  linge. 

The  chemical  action  which  takes  place  during  the  passage  of 
a  current  is  to  decompose  the  mercurous  sulphate,  adding  the 
mercury  released  to  that  aheady  in  the  vessel,  an  equivalent  of 
zinc  being  dissolved  off  the  positive  rod 

The  electro-motive  force  of  this  cell  is  x*435  volts  and  is  ex* 
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ceedingly  uniform,  providing  only  a  high  external  resistance,  not 
le§s  than^ijoop  ohms,  is  employed.  If  the  resistance  of  the 
circuit  i^  low,  the  current  becomes  proportionally  strong.  The 
Baercury  salt  is  not  then  capable  of  being  decomposed  at  a  corre- 
egonding  rate,  whence  polarisation  sets  in  and  the  electro-motive 
Fig.  i^  force  falls  in  consequence.  The  electro-motive  force 
also  Viecreases  with  an  increase  of  temperature,  the 
):ate^  being  about  o'o8  per  cent  per  degree  Centi- 
gmde.^ 

The  commercial  form  of  Clark  cell  constructed 
after  the  plan  of  *Dr.  Muirhead  is  illustrated  in  fig. 
1 6.  Instead  of  using  a  layer  of  mercury,  the 
platinum  electrode  a,  fused  through  the  glass- 
containing  vessel,  is  made  of  a  long  piece  of  wire 
which  is  coiled  into  a  close  flat  spiral  and  coated 
with  mercury,  either  by  heating  and  then  immersing  it  in  a  mer- 
cury bath,  or  by  heating  the  mercury  and  the  platinum  together. 
The  spiral  is  then  embedded  in  the  paste,  composed  of  pure 

mercurous  sulphate  and  a  satu- 
rated solution  of  pure  zinc  sul- 
phate, /.  The  pure  rinc  rod,  z, 
is  dipped  into  the  paste,  and  a 
cement  stopper,  c,  holds  the 
whole  firmly  together,  so  that 
the  cell  is  made  more  portable 
than  that  shown  in  fig,  1 5,  which 
has  the  disadvantage  that  the 
constituents  of  the  cell  are  liable 
to  become  mixed  if  it  is  not 
used  very  carefully.  The  mer- 
cury deposited  on  the  platinum 
spiral  is  sufficient  to  form  the 
negative  element  or  *  plate,'  so 
that  a  layer  of  mercury  is  not 
really  necessary. 

Fig.  17  shows  the  method 
employed  tor  casing  in.  A  cylindrical  brass  case  with  an  ebonite 
cover  is  used,  and  contains  two  cells  whicii  can  be  balanced  one 
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agsCinst  the  other  to  test  t^eir  relative  electro-motive  force,  or 
they  can  be  used  together  and  give  a  double  clcctro-motivc  force, 
A  thermometer.- is  likewise  provided,  the  bulb  being  inside  and 
the  tube  bent  so  as  to  lie  over  the  scale  on  the  cover.  This  is 
an  importanjt,  though  simple  innovation,  and  assists  in  the  avoid- 
ance of  an  error  due  to  a  varying  temperature. 

The  only  other  form  of  single-fluid  battery  which  we  shall 
notice  is  that  in  which  a  solution  of  bichromate  of  potash  is 
Employed,  and  which  is  generally  made  in  the  form  shown  in  the 
diagram  (flg.  1 8).  It  consists  of  an  alternation  of  zinc  and  carbon 
plktes  (always  one  more  of  carbon  than  of  zinc), 
placed  in  a  glass  vessel  containing  the  solution. 
The  carbons  are  all  connected  with  one  terminal 
so  as  to  give  a  large  negative  surface,  and  all 
the  zincs  with  another  to  oppose  a  large  positive 
surface  to  the  solution.  In  most  cases  the  zincs 
are  attached  to  a  Ynetal  rod,  <7,  which  slides  in  a 
hole  in  the  cover,  so  that  by  raising  the  rod  the 
plates  can  be  readily  removed  from  the" liquid 
and  the  wasteful  consumption  of  the  zinc  and 
•bichromate  of  potash  which  would  otherwise 
take  place  when  the  cell  is  idle  prevented. 

The  solution  consists  of  i  part  by  weight 
of  bichromate  of  potash,  3  parts  of  good  sul- 
phuric acid  (of  I  '8  specific  gravity),  and  1 2  parts  of  clean  water. 
The  bichromate  of  potash  is  first  pulverised  and  then  added 
slowly  to  the  acid,  stirring  all  the  time.  This  converts  the 
bichromate  of  potash  into  chromic  anhydride  and  potassic  sul- 
phate, which  precipitates  in  a  beautiful  crystalline  formation,  the 
chemical  r/eactions  being  indicated  by  the  equation  :-*- 

KjCrjOy  -f.  7SO4H,  «  aCrO,  -t-  K,S04  +  OH,  +  6SO4H, 

Bichronuu*        Sulphuric  acid.        Chromic  PotnMic  Water.       Sulphuric  acid. 

of  potaah.  anhydride.  tulphaic 

Water  is  then  added  slowly,  when  the  crystals  are  dissolved 
and  the  chromic  anhydride  converted  into  chromic  hydrate  or 
add  (HjCr04)  by  the  absorption  of  water^  a  quantity  of  the  water 
being  taken  up,  with  the  usual  result  that  follows  the  admixture  of 
sulphuric  acid  and  water — viz.  the  evolution  of  a  considerable 


56  Electrical  Engineering  cha».  n*. 

amount  of  heat*  The  energy  with  which  the  acid  unites  with  the 
water  is  very  great,  and  it  is  this  that  necessitates  the  slow  addition 
of  the  latter.  If  poured  on  too  abruptly  there  is  considerable 
danger  of  the  mixture  being  ejected  from  the  vessel  and  scattered 
about  the  person  or  on  anything  that  may  be  near.  As  the  acid 
is  exceedingly  corrosive,  it  is  impossible  to  take  too  much  pre- 
caution when  adding  the  water.  In  ordinary  cases  where  the  acid 
and  water  are  to  be  mixed  it  is  by  far  the  safer  plan  to  add  the 
acid  to  the  water,  as  the  former  will  then  find  plenty  of  the  latter 
to  satisfy  its  almost  insatiable  thirst 

When  the  solution  of  the  crystals  is  completed  and  when  the 
liquid  has  cooled  down  to  the  ordinary  temperature,  it  is  ready 
for  use.  On  completing  the  circuit  and  allowing  the  current  to 
flow,  the  zinc  is  dissolved,  forming  zinc  sulphate,  and  the  chromic 
acid  is  converted  into  chromic  sulphate,  water  being  liberated. 
The  reaction  may  be  expressed  by  the  equation  : — 

3Zn  +  6H,S04  +  ^HjCrO^  =  3ZnS04  +  80Hj  +  Cr,3(S04) 

Zinc.      Sulphuric  acid.        Chromic  acid.        Zinc  »ulphatQ.  Water.     Chromic  tulphate. 

This  battery  nas  a  high  electro-motive  force,  while  its  resistance 
is  very  low.  It  yields,  therefore,  a  considerable  current,  which 
does  not,  however,  last  long,  rarely  more  than  an  hour  or  so, 
because  of  the  rapidity  with  which  the  cell  becomes  polarised. 
On  the  other  hand,  when  only  used  occasionally,  the  same  solution 
will  last  for  a  very  long  time.  As  there  is  a  tendency,  by  secondary 
chemical  reactions  taking  place  between  the  various  constituents 
of  the  cell,  to  form  hard  crystals  of  a  double  salt  (known  as  chrome 
alum)  which  at  times  cause  a  fracture  of  the  jar,  it  is  advisable  to 
avoid  square  or  flat  cells  for  this  battery.  As  we  Shall  presently 
see,  a  modification  is  extensively  used  on  account  of  its  high 
electro-motive  force,  its  low  internal  resistance,  and  its  approxT- 
mation  to  constancy. 

We  come  now  to  consider  the  double-liquid  batteries,  the 
great  aim  of  which  is  to  obtain  constancy,  even  if  at  the  loss  of  a 
little  power.  The  chief  obstacle  to  constancy,  we  have  seen,  is  the 
accumulation  of  hydrogen  on  the  negative  surface,  which  hydrogen 
must-  therefore  be  absorbed.  Daniell,  in  1836,  was  the  first  to 
achieve  this  object,  which  he  did  by  using  a  metallic  salt  in  the 
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neighbourhood  of  the  negative  plate,  separated  from  the  zinc  and 
acid  solution  by  means  of  a  porous  division  which,  on  being 
moistened,  allowed  the  current  to  pass  through  it,  but  which  at* 
the  same  time  prevented,  or  rather  impeded,  the  intermingling  of 
the  two  solutions.  The  conception  of  a  porous  division  was  cer- 
tainly a  brilliant  idea,  but  so  also  was  that  which  determined  the 
kind  of  solution  which  was  to  surround  the  negative  plate.  This 
liquid  contains  a  large  quantity  of  the  very  same  metal  as  that  of 
which  the  plate  itself  is  constructed,  and  it  is  due  in  a  great 
measure  to  this  fact  that  the  Daniell  cell  stands  alone,  and  pre- 
eminently so,  as  the  constant  cell  The  cell  is  put  together  in  a 
great  variety  of  shapes  and  patterns,  varying  with  the  purpose  to 
which  it  is  intended  to  be  applied  It  consists  essentially  of  an 
outer  porcelain  or  other  non-porous  vessel,  containing  the  zinc 
Inside  this  is  placed  an  unglazed  earthenware  vessel,  which  con- 
tains a  piece  of  thin  sheet  copper.  The  porous  vessel  is  nearly 
filled  with  copper  sulphate  (known  more  generally  as  bluestone), 
and  water  is  poured  on  till  the  level  is  about  the  same  as  that  in 
the  outer  vessel,  which  contains  a  solution  of  one  part  sulphuric 
acid,  or  zinc  sulphate,  with  12  to  20  parts  of  water. 

The  chemical  reactions  which  take  place  in  the  Daniell  cell 
are  of  a  ver)'  simple  character.  On  completing  the  circuit  the 
zinc  enters  into  action  with  the  sulphuric  acid  and  forms  sulphate 
of  zinc  (ZnS04),  releasing  free  hydrogen  (Hj),  in  precisely  the 
same  way  as  in  the  simple  cell.  This  hydrogen  is  not,  however, 
liberated  on  the  surface  of  the  negative  or  copper  plate,  but  at  or 
near  the  porous  partition  where  the  two  liquids  meet.  The 
hydrogen  coming  into  the  presence  of  the  copper  sulphate  solution, 
proceeds  at  once  to  displace  the  metal  from  its  combination, 
setting  it  free  as  metallic  copper,  and  taking  its  place  to  form  a 
new  equivalent  of  sulphuric  acid.  The  liberated  copper  acts  in  a 
manner  very  much  akin  to  that  of  the  free  hydrogen  in  the  acid 
solution — that  is,  it  breaks  up  the  next  molecule  of  copper  sul- 
phate, and  produces  a  new  molecule  of  the  same  compound  by 
replacement,  and  so  on  until  the  surface  of  the  negative  plate  is 
ultimately  reached,  on  which  is  deposited  the  finally  released 
copper  particle. 

A  little  reflection  will  reveal  to  the  student  something  of  the 
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greatness  of  the  advance  thus  made  by  Daniell.  In*  the  first 
place,  we  iind  the  released  hydrogen,  which  was  the  gr^at  drawback 
in  the  simple  cell,  taken  up  entirely  by  a  very  easily  decomposable 
salt,  and  thus  prevented  from  polarising  the  battery.  Further- 
more, instead  of  the  deposition  of  the  foreign  hydrogen  film  on 
the  copper  plate,  copper  purer  than  can  be  obtained  Ijy  any  other 
simple  process  is  deposited.  In  fact,  a  similar  process  is  em- 
ployed commercially  for  the  extraction  of  copper  from  its  ores, 
and  for  the  refinement  of  comparatively  impure  bars.  The  action 
that  takes  place  from  the  zinc  to  the  copper  surface  may  be  ex- 
pressed thus  : — 

Zn   +   SO^H^  +   SO^Cu  =  ZnSo^    +  .SO4H1   +   Cu 

Zlno.  Sulphurio  Cot>p«r  Zlno  Sulphuric  Coppwr. 

AckL  aulplut*.  wlphat*.  acid. 

Or  showmg  the  effect  on  a  few  of  the  intermediate  molecules  : — 
Before  actton. 
\  SO4H,  SO4H,  5O4H,  I  SO^Cu  S6;Cu  SO^Cu  I 

Zme.  Porottft  Coppw. 

partition. 

In  action, 
I  SO^  H;SD4  H^SO;  H,  I  SO4  "CuSO^  CUSO4  Cu  I 

zinc.  PoroiM  Co|:^. 

pardtion. 

We  see  here  that  for  every  atom  of  zinc  dissolved  one  atom  of 
cop^oer  'is  deposited,  and  for  every  molecule  of  sulphuric  acid 
decomposed  by  the  zinc,  or  for  every  molecule  of  cupric  sulphate 
decomposed  by  the  nascent  hydrogen,  one  molecule  of  sulphuric 
acid  is  formed.  Theoreticallyj  then,  the  gross  quantity  of  sulphuric 
acid  should  remain  constant,  zinc  sulphate  should  be  continuously 
increasing,  while  the  sulphate  of  copper  should  diminish  in  pre- 
cisely the  same  ratio— that  is,  one  molecule  or  equivalent  of  zinci 
sulphate  sh6uld  be  formed  for  every  molecule  or  equivalent  of 
cupric  sulphate  that  is  decomposed.  Further,  for  every  65  parts 
by  weight  of  zinc  dissolved,  63  parts  by  weight  of  copper  should 
be  deposited. 

A  weak  solution  of  zinc  sulphate  is  frequently  substituted  for 
tlie  sulphuric  acid  solution.  In  that  case  no  hydrogen  at  all  is 
generated,  so  that  polarisation  from  this  cause  is  altogether  impos 
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ftible.  The  scries  of  chemical  reactions  presents  the  same  general 
features.  On  joining  up,  the  xinc  sulphate  attacks  the  metallic 
xinc,  fresh  particles  or  molecules  of  the  salt  are  formed,  and 
metallic  /inc  liberated  in  place  of  the  hydrogen  which  is  produced 
when  sulphuric  acid  is  employed.  The  liberated  zinc  decomposes 
the  copper  sulphate,  forming  more  zinc  sulphate  and  liberating  the 
copper.  Eventually,  copper  is  deposited  on  the  copper  plate,  the 
leactions  being  set  forth  in  the  equation  : — 

Zn  +  SO^Zn  +  SO4CU  =  2ZnS04  +  Cvu 

Zinc.  Zinc  CoDp«r  Zinc  Copper, 

ftulphjite.         ftulphato.  ftulphato. 

The  substitution  of  the  zinc  sulphate  for  the  acid  has  also  the 
effect  of  reducing  the  wasteful  consumption  of  the  zinc.  Unless 
the  cell  is  required  for  immediate  use  there  is  really  no  need  to 
add  even  the  zinc  sulphate  to  the  water,  the  reason  for  which  will 
be  seen  presently. 

The  chemical  changes,  however,  which  are  brought  about  in 
the  Paniell  by  the  propagation  of  the  current,  constitute  only  a 
portion,  and  that  a  by  no  means  large  one,  of  the  total  amount  of 
chemical  change  that  ensues  on  fitting  up  the  cell  That  very 
porosity  of  the  unglazed  earthenware  partition,  while  it  allows  the 
two  solutions  to  come  into  contact,  also  permits  of  their  diffusion 
or  gradual  mixing.  All  liquids  do  not  diffuse  at  a  uniform  rate, 
the  rate  of  diffusion  varying  inversely  as  the  square  of  their  specific 
gravities.  The  immediate  consequence  of  this  is,  that  some  of 
the  copper  sulphate  solution  passes  through  into  the  zinc  division, 
where  its  copper  is  displaced  by  zinc,  thereby  converting  the 
copper  sulphate  into  zinc  sulphate.  The  copper  so  displaced  is 
deposited  in  a  black  spongy  mass  upon  the  surface  of  the  zinc,  or 
is  precipitated  to  the  bottom  of  the  cell  as  battery  '  mud.'  All 
this  means  so  much  waste,  for  the  zinc  is  dissolved  and  the  copper 
sulphate  decomposed,  without  the  production  of  any  available 
current  of  electricity.  The  deposit  on  the  zinc  plate  converts  the 
cell,  in  a  great  measure,  into  one  with  two  copper  surfaces. 

When  the  battery  is  intended  only  for  occasional  use,  or  when 
the  external  circuit  is  of  relatively  high  resistance,  it  is  much  pre- 
ferable to  use  somewhat  denser  porous  partitions,  whereby  the 
diffusion  of  the  solutions  is  to  some  extent  prevented,  or  at  least 
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hindered.  The  presence  of  denser  porous  partitions  implies,  of 
course,  a  proportional  increase  in  the  internal  resistance  of  the 
battery.  It  may  here  be  mentioned  that  white  unglazed  porcelain 
is  harder  and  less  porous  than  the  red  variety,  and  is  therefore 
generally  to  be  preferred. 

Great  care  must  also  be  taken  that  the  various  constituents  of 
the  cell  are  of  the  purest  possible  character,  and  all  metallic  joints 
must  be  electrically  continuous.  A  small  percentage  of  impurity 
in  either  of  the  solutions  will  have  most  deleterious  effects.  Three 
substances  are  required  as  pure  as  our  knowledge  can  render 
them.  The  copper  sulphate  must,  above  all  things,  be  pure, 
because  of  the  weakness  of  the  chemical  affinity  between  sulphuric 
acid  and  copper.  In  the  event  of  the  salt  not  being  so,  the 
impurities  will  precipitate  the  copper  and  then  small  Mocal  actions' 
will  be  called  into  existence,  much  to  the  prejudice  of  the  primary 
or  main  current  The  impurity  most  common  in  copper  sulphate 
is  iron,  which  ma)[  be  readily  detected,  for,  as  liquids  are  essentially 
diffusive,  a  small  test-tube  full  will  give  the  same  quantitative  as 
well  as  qualitative  result,  as  any  larger  quantity.  Acid  solu- 
tions of  copper  are  of  a  brilliant  green  hue,  while  the  corre- 
sponding ammoniacal  solutions,  due  to  the  free  addition  of 
ammonia  solution,  are  deep  blue  in  colour.  If,  therefore,  we  add 
an  excess  of  ammonia  to  the  acid  solution  {i,€,  more  than  sufficient 
to  neutralise  the  acid),  the  copper  will  be  readily  retained  in  the 
solution,  but  with  the  change  of  colour  mentioned  above.  Iron, 
however,  while  it  is  soluble  in  acid,  is  precipitated  by  ammonia — 
that  is  to  say,  the  ammonia  will  not  allow  the  iron  to  remain  in 
solution.  Should  there,  therefore,  be  any  iron  in  the  acid  solu- 
tion, it  will  be  precipitated  as  a  dark  powder  on  the  addition  of 
the  alkaline  ammonia.  The  sulphuric  acid  or  sulphate  of  zinc, 
when  used,  must  likewise  be  free  from  impurities,  the  chief  of 
which  is  again  iron.  This  metal  in  sulphuric  acid  gives  it  a 
yellowish  tinge,  even  when  in  small  quantities.  Good  acid  should 
be  as  colourless  as  pure  water,  and  when  poured  from  one  vessel 
to  another  should,  if  of  the  requisite  strength  and  specific  gravity, 
have  the  viscidity  of  oiL  The  porous  partition,  unless  carefiilljf 
made,  is  liable  to  contain  small  particks  of  cinder,  &c.,  and  these 
tend  to  decompose  the  cupric  sulphate  with  a  precipitation  of  the 
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copper,  which  forms  itself  into  nuggets  in  the  pores. of  the  earthen- 
ware and  frequently  chip  or  even  completely  fracture  it 

The  zinc  should  be  pure,  or  as  nearly  so  as  it  can  be  obtained. 
Chctmically  pure  zinc,  however,  is  manufactured  with  great  diffi- 
culty, and  is  consequently  very  expensive.  The  presence  of 
foreign  matter  is,  nevertheless,  a  very  great  deterrent  to  the  good 
working  of  the  cell,  for  it  must  be  remembered  that  the  presence 
in  a  solution  of  two  metals  in  contact  or  othenvise  electrically 
connected,  always  results  in  the  production  of  electrical  currents. 
Ifi  therefore,  there  are  particles  of  foreign  metals  mixed  up  with 
the  zinc,  there  necessarily  occurs  local  currents  which  act  disad- 
vantageously  in  at  least  two  ways — first  by  wasting  the  zinc,  and 
secondly  by  weakening  the  main  current  As  zinc  is  positi^^  to 
every  available  substance  (the  only  metals  positive  to  it  being 
potassium  and  sodium,  which,  on  account  of  their  extreme  affinity 
for  water,  are  never  employed  for  battery  purposes),  the  admixture 
of  particles,  say,  of  iron,  tin,  or  arsenic,  causes  small  currents  to 
travel  from  the  zinc  to  these  particles,  and  while  the  impurities 
remain  to  a  great  extent  unaffected  (because  of  their  being  the 
negative  element),  the  zinc  is  constantly  suffering  a  loss  by  con- 
sumption or  conversion  into  a  salt  These  minute  currents  are 
furthermore  produced  on  the  surface  of  the  zinc,  and  must,  as 
already  mentioned,  interfere  considerably  i^'ith  the  production  of 
the  primary  current  The  difficulties  arising  from  tlie  presence  of 
impurities  are  also  increased  if  the  zinc  is  imperfectly  or  im- 
properly manufactured.  The  molecular  arrangement  (or  the 
relative  position  of  the  molecules)  must  be  homogeneous  through- 
out the  surfaces  of  each  plate,  othen^'ise  currents  will  be  set  up 
between  the  softer  and  harder  parts  of  the  zinc— in  a  word,  they 
possess  opposite  electric^  properties,  so  that  even  if  chemically  pure 
zinc  were  procured,  it  would  not  follow  as  a  matter  of  course  that 
we  should  be  secured  against  this  source  of  wasteful  local  action. 
Concentrated  sulphuric  acid  has,  it  may  be  mentioned,  no  effect 
on  pure  zinc  provided  it  is  properly  annealed— that  is  to  say,  that 
the  surfaces  have  been  softened  and  tnade  molecularly  hoi^ioge 
neous.  The  acid  can,  therefore,  furnish  us  with  a  tolerably  reliable 
test  for  the  degree  of  purity  and  equable  texture  possessed  by  the 
metal    So  important,  indeed,  is  this  question  of  uniformity  that 
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a  difference  of  temperature  will  frequently  determine  a  difference 
of  potential,  and  therefore  cause  a  current  to  flow. 

The  effect  both  of  the  presence  of  any  impurity  and  of  un- 
equal hardness  can,  however,  be  effectually  overcome,  at  least  for 
a  time,  by  the  process  known  as  '  amalgamation.'  This  process 
consists  in  first  thoroughly  cleansing  the  surfaces  of  the  metal  by 
immersing  it  for  a  time  in  a  dilute  sulphuric  or  hydrochloric  add 
solution,  and  subsequently  (but  while  still  wet  with  the  acid) 
coating  the  surfaces  with  mercury.  This  operation  is  generally 
recommended  to  be  performed  by  rubbing  the  mercury  on  with 
a  sponge  or  piece  of  cloth  at  the  end  of  a  stick ;  but  this  is 
a  very  irksome  and  tedious  operation,  more  especially  when  the 
uncs  are  cylindrical,  and  it  is  quite  as,  if  not  more,  efficacious  to 
pour  the  mercury  (which  should  afterwards  be  used  for  no  other 
purpose)  into  a  flat  vessel  and  lay  or  roll  the  zincs  in  it  This 
may  be  thought  a  wasteful  process,  but  the  superabundant  mer- 
cury can  be  easily  removed  by  wiping  the  surfaces  over  and  then 
standing  them  on  a  dish,  to  allow  any  mercury  that  may  be  stili 
free  to  fall  off.  This  method  is  much  to  be  preferred  when  it  is 
required  to  amalgamate  a  large  number  of  plates.  A  very  bttle  mer* 
cury  deposited  at  the  bottom  of  the  zinc  division  in  the  battery 
will  suffice  to  keep  the  plate  well  amalgamated  for  a  long  time. 

By  adopting  the  process  of  amalgamation  the  commonest  zinc 
can  be  rendered  thoroughly  serviceable  for  a  greater  or  less  period 
according  to  the  degree  of  effectiveness  with  which  the  process 
has  been  carried  out  As  to  its  rationale,  it  appears  evident  that 
the  function  of  the  mercury  is  to  homogenise  the  molecular 
arrangement  by  uniformly  softem'ng  the  zinc  and  forming  with  it  a 
regular  amalgam  unassailable  by  pure  sulphuric  acid.  The  amal- 
gam in  an  almost  liquid  state  glides  over  and  covers  up  any 
impure  particles  that  have  not  been  dissolved  off  by  the  washing 
process  ;  as  the  zinc  wears  away  these  particles  fall  out  and  drop 
to  the  bottom  of  the  cell  to  do  no  further  harm. 

The  mercury  does  not  enter  into  action  with  the  acid  or  in 
any  other  way  interfere  with  the  efficient  working  of  the  cell,  but 
on  joining  up  the  battery  the  acid  attacks  and  dissolves  the  zinc 
more  or  less  uniformly,  the  mercury  eating  its  way  inwards  as  the 
superficial  zinc  particles  enter  into  the  solution. 
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The  circular  form  of  battery  is  very  extravagant  in  the  matter 
of  shelf  or  floor  space,  while  the  square  or  flat  types,  which  have 
practically  superseded  the  circular  ones,  are  essentially  compact, 
and  are  for  that  reason  to  be  preferred.  The  square  type  was 
originally  introduced  by  Dr.  Muirhead  It  consists  generally  of  a 
wooden  box  or  trough^  into  which  five  double  or  ten  single  cells 
of  white  glazed  porcelain  or  ebonite  are  placed,  when  it  presents 
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a  neat  ana  compact  appearance,  as  shown  in  fig.  19.    Fig.  20 
is  a  section  of  one  of  the  sing\e-cell  porcelain  .vessels^  fig.  aji 

Fig.  .flo. 
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illustrating  the  double-cell  form.  The  latter*  is  square  and  is  very 
convenient  There  is  a  little  ridge  along  the  bottom  of  each  cell 
(see  fig.  ao)  to  keep  the  flat  porous  vessel  in  position.  This 
porous  vessel  containing  the  copper  plate  is  filled  up  with  copper 
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sulphate  crystals,  the  xinc,  which  should  be  not  less  than  \  inch 
thick  (to  allow  fur  waste  by  local  action),  being  suspended  in  the 
zinc  sulphate  solution.  It  will  be  noticed  that  the  copper  plate  is 
attached  to  the  zinc  of  the  next  adjacent  cell  It  is  usual  in 
practice  to  rivet  one  end  of  a  copper  strap  on  to  the  copper  plate, 
the  zinc  being  cast  on  to  the  other  end  of  the  strap.  In  this  way 
expensive  binding  screws  or  terminals  are  dispensed  with,  and  a 
good  and  substantial  contact  is  ensured.  The  last  zinc  and  tl^e 
last  copper  are  connected  to  brass  terminals,  which  become  re- 
spectively the  negative  and  positive  poles  of  the  battery. 

Nothing  but  clean  water  (hard  water  should,  if  possible,  be 
avoided)  is  poured  into  the  zinc  division,  but  sufficient  is  added 
to  bring  it  up  to  within  about  a  quarter  of  an  inch  of  the  top  of 
the  zinc  plate.  The  battery  at  the  end  of  about  twenty-four  hours 
will  be  found  to  be  in  working  order,  the  sulphate  having  dissolved 
in  the  copper  division  and  enough  passed  through  the  porous 
.partition  to  start  the  chemical  action.  Under  these  circumstances, 
then,  a  portion  of  the  cupric  sulphate  that  would  otherwise  be 
wasted  is  utilised  to  convert  the  water  into  a  solution  of  zinc 
sulphate.  If  the  battery  is  wanted  for  immediate  use,  the  zinc  cell 
must  be  filled  with  a  weak  solution  of  sulphate  of  zinc  (or  sulphuric 
acid),  and  the  copper  cell  with  a  saturated  solution  of  sulphate  of 
copper ;  action  then  commences  at  once.  It  is  often  more  con- 
venient to  dispense  with  the  trough  or  box  and  place  the  cells  side 
by  side  on  a  shelf.  The  advantage  of  this  in  an  extensive  battery 
room  is  apparent 

All  porous  pots  should  be  dipped,  top  and  bottom,  in  melted 
parafiin  wax,  so  as  by  filling  up  the  pores  to  prevent  the  solutions 
minglmg  too  freely  or  rising  to  the  top  above  the  level  of  the 
liquids,  and  so  allowing  the  water  to  evaporate  and  the  salts  to 
crystallise  out  One  side  of  the  fiat  porous  pots  may  also  be 
paraffined  with  advantage — viz.  the  side  which  is  remote  from 
the  zinc. 

A  porous  pot  which  has  been  once  used  should  not  be  allowed 
to  get  dry,  as  the  crystals  which  form  on  drying  chip  it,  and  will 
soon  render  it  useless. 

The  DanieU  cell,  when  in  good  condition,  can  be  employed 
U  a  standard  of  electro-motive  force,  and  owing  to  the  ease  witb 
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Fig.  as. 


which  the  copper  salt  is  decomposed,  the  cell  possesses  one  great 
advantage  over  the  Clark  standard  cell,  in  that  it  does  not  polarise 
when  joined  on  short  circuit,  even  when  it  is  giving  a  more  or  less 
continuous  current  It  has,  however,  the  disadvantage  that  for 
accurate  measurement  it  requires  a  certain  amount  of  attention 
which  must  be  particularly  directed  to  the  zinc  division,  to  keep  it 
free  from  copper.  A  very  handy  and  convenient  form  of  Standard 
Daniell  is  that  shown  in  fig.  22.  In  a  square  wooden  box,  pro- 
vided with  two  terminals  for 
connection,  are  three  water- 
tight chambers.  When  the 
cell  is  not  in  use,  the  copper 
plate  c  is  removed  to  the 
right-hand  chamBer  contain- 
ing copper  sulphate  solution, 
the  zinc  plate  zand  the  porous 
pot  containing  it  being  trans- 
ferred to  the  left-hand  cham- 
ber. This  porous  pot  is 
supplied  with  a  semi-satu- 
rated solution  of  zinc  sul- 
phate, the  copper  sulphate 
solution  and  its  reserve  of 
crystals  being  placed  in  the  middle  chamber.  All  that  is  then 
necessary  to  place  the  cell  in  working  order  is  to  remove  the  copper 
and  the  porous  pot  into  the  centre  division.  The  stud  b  attached 
to  the  lid,  prevents  it  being  shut  down  unless  the  porous  pot  has 
been  removed  to  the  outer  chamber.  Such  a  cell  will  maintain  an 
electro-motive  force  of  i  '07  to  i  -079  volts  for  a  considerable  time, 
providing  that  the  copper  and  porous  pot  are  removed  to  their 
respective  idle  chambers,  between  the  tests. 

We  have  seen  that  Daniell  absorbed  the  freed  hydrogen  by 
causing  it  to  reduce  a  metallic  salt :  Grove  and  Bunsen  in  their 
batteries  oxidised  the  liberated  hydrogen  by  means  of  an  acid, 
water  being  produced  by  this  hydrogen  instead  of  sulphuric  acid, 
as  in  the  Daniell.  In  the  negative  division  concentrated  nitric 
acid  is  used,  into  which  Grove  dipped  platinum  foil,  while  Bunsen 
adopted  gas-carbon.    Zinc,  as  usual,  constituted  the  positive  plate 
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in  each  case,  the  liquid  placed  with  it  being  a  solution  of  sulphuric 
acid  The  diagram  (fig.  23)  shows  the  construction  of  the  Grove. 
It  is  usually  contained  in  a  flat  rectangular  glass,  porcelain,  at 
ebonite  vessel,  porcelain  t^ing  perhaps 
the  best  The  amalgamated  zinc  plate, 
z,  is  bent  into  a  U-shape,  and  supports 
the  flat  porous  pot  which  contains  the 
platinum  foil,  p.  By  this  arrangement 
each  surface  of  the  platinum  has  op- 
posed to  it  a  surface  of  zinc,  the  internal 
resistance  being  consequently  very  low. 
A  strong  solution  of  sulphtuic  acid 
(about  1  of  acid  to  7  or  8  of  water)  is 
poured  mto  the  outer  cell  and  strong 
nitric  acid  ha>'ing  a  specific  gra>'ity  of 
^^  1*420  is  placed  in  the  inner  cell  with 
"  the  platinum.  The  copper  or  brass 
connections  or  terminals  should  be  lac- 
quered except  upon  those  surfaces  which 
take  part  in  the  electrical  circuit  to  protect  them  as  much  as 
possible  from  the  gases  which  are  evolved  during  the  working  of 
the  cell 

The  action  is  in  the  first  stage  similar  to  that  in  the  DanielU 
but  there  is  some  diversity  of  opinion  as  to  what  actually  trans 
pires  in  the  platinum  division.  Zinc  sulphate  is  formed  by  the 
action  of  the  sulphuric  acid  on  the  zinc,  and  the  hydrogen  which 
is  thereby  released  reduces  the  nitric  acid  (HNO,)  to  water  and 
nitric  peroxide  (N,04),  which  ascends  as  a  gas  mto  the  air.  This 
gas  is  distinguishable  from  all  others  by  its  dense  brown  ap[)ear- 
ance  amHts  extremely  pungent  odour. 

The  chemical  reactions  may  be  represented  by  the  eqtia^*o*^ — 

Zn  +  SO4H,  +  2HNO,  =  ZnS04  +  aOH,  +  N.O^. 

It  will  be  noticed  that  the  acid,  which,  to  give  the  maximum 
strength  of  current,  should  be  concentrated,  must  be  seriously 
weakened  as  the  current  is  produced.  This  results,  in  the  first 
place,  from  the  fact  that  every  atom  of  hydrogen  set  free  from  the 
sulphuric  acid  decomposes  a  portion  of  the  nitnc  acid,  while  in 
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the  second  place  the  water  which  is  formed  dilutes  and  so  weakens 
the  remaining  acid.  The  acid,  which,  when  first  poured  in, 
should  be  quite  colourless,  is  first  turned  brown  by  the  peroxide, 
which  is  more  or  less  soluble  in  the  acid,  changing  subsequently 
to  green,  when  it  is  practically  useless. 

The  Bunsen  cell,  which  is  illustrated  in  fig.  24,  is  most  fre- 
quently mtide  in  the  circular  form.  The  outer  jar  is  of  glazed 
earthenware  or  glxiss,  and  con- 
tains a  solution  of  sulphuric  acid, 
ordinarily  in  the  proportion  of  i 
of  acid  to  7  or  8  of  water,  as  in 
the  Grove.  Into  this  is  placed 
a  cleft  zinc  cylinder,-  and  inside 
this  is  the  porous  cell,  containing 
a  rod  of  carbon,  immersed  in 
strong  nitric  acid.  The  porosity 
of  the  carbon  enables  it  to  pre- 
sent to  the  liquid  a  very  extended 
surface,  as  compared  with  the 
platinum  of  the  Grove  cell. 

The  action  in  the  battery  is 
identically  the  same  as  in  the 
Grove,  since '  the*  "Carbon  and 
platinum  remain  chemically  un- 
affected. 

The  DanielLand  the  Grove  cells  are  the  representatives  of  two 
extensive  classes  of  battery. '  DanielFs  has  attained  its  high  standard 
of  popularity  on  account  of  its  cheapness  and  its  constancy.  It 
is  much  more  constant  than  either  of  those  we  have  as  yet  men- 
tioned. The  Grove,  on  the  other  hand,  is  very  powerful,  but, 
owing  to  polarisation,  it  runs  down  very  rapidly,  and  is  not 
reliable  for  more  than  three  to  four  hours  at  a  timok  It  is,  how- 
ever, important  to  remember  that  if  the  negative  plate  and  its  acid 
are  removed  from  the  cell  separately  and  allowed  to  stand  for  a 
time,  the  acid  can  be  used  again  and  the  cell  will  give  a  current 
practically  as  good  as  before  The  same  acid  can  be  used  three 
or  four  times  before  it  is  so  reduced  in  strength  as  to  materially 
aifect  the  current,  a  state  which,  as  already  mentioned,  is  indicated 
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by  the  greenish  hue  imparted  to  the  acid.  The  chief  use  of  the 
Grove  cell  in  England  is  for  experimental  purposes.  It  has  the 
advantage  that  it  is  very  compact  and  portable.  The  Bunsen 
has  a  slightly  higher  electro-motive  force,  and  it  is  somewhat 
cheaper  than  the  Grove.  As,  however,  it  is  generally  constructed 
in  the  cylindrical  form,  it  is  much  less  convenient 

There  are  many  forms  of  double-fluid  bichromate  batteries. 
In  nearly  all  of  them  cine  and  carbon  are  employed  for  the  positive 
and  negative  elements  respectively,  the  difiference  being,  generally 
speaVing,  confined  to  the  depolarising  solution  surrounding  the 
carbon  plate.  In  one  of  them,  however,  a  great  feature  is  made 
of  the  means  adopted  for  keeping  the  zinc  well  amalgamated. 
THift  cell  is  knowA  as  the  '  Fuller,'  and  it  is  usually  put  up  in  a 
round  earthenware  jar,  in  which  is  placed 
,  a  comparatively  small  porous  pot  containing 
a  rinc  rod  of  peculiar  shape,  as  shown  in  iig 
35.  The  rinc  is  cast  on  to  a  stout  copper 
wire  which  passes  almost  to  the  bottom  of 
the  rod  and  helps  to  keep  it  intact  Two  or 
three  ounces  of  mercury  are  placed  in  the 
porous  pot,  which,  on  the  addition  of  the 
solution  (dilute  sulphuric  acid),  creeps  up  the 
surface  of  the  zinc  by  the  force  of  capillary 
attraction  and  so  keeps  it  uniformly  and 
automatically  amalgamated.  A  small  carbon 
plate  is  placed  in  the  outer  vessel  in  a  solution 
of  bichromate  of  potash,  derived,  however, 
from  a  stiff  paste,  of  which  a  quantity  is 
placed  in  the  bottom  of  the  cell,  and  which 
contains,  probably,  a  quantity  of  free  chromic  acid,  soda  nitrate, 
&c  An  unusually  large  quantity  of  this  solution  is  generally 
provided  in  order  to  maintain  its  strength  for  a  longer  period  of 
time  than  would  be  the  case  were  the  more  usual  proportions 
adopted.  The  chemical  action  is  practically  the  same  as  that  in 
the-single-fluid  bichromate  cell.  What  is  true  of  the  nitric  acid 
cells  of  Bunsen  and  Grove  is  also  true,  although,  perhaps,  to  a  less 
degree,  with  each  and  every  form  of  bichromate  of  potash  or  of 
chromic  acid  cell -^ viz.  that  polarisation  and  the  accompanying 
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reduction  in  the  electro-motive  force,  and  therefore  also  in  the 
current  strength,  sets  in  after  the  battery  has  been  in  use  for  a 
few  hours  more  or  less.  The  electro-motive  force  of  the  cell  is, 
however,  high,  ranging  from  1*9  to  2-15  volts.  Its  internal  resist- 
ance IS  also  very  low,  whence  it  finds  considerable  favour. 

The  most  ingenious  battery  yet  constructed  for  electric  lighting 
purposes  is  probably  that  of  Mr.  A.  Ren^  Upward,  the  principle  of 
which  will  be  gathered  from  figs.  26  and  27.  The  positive  plate, 
z,  is  of  cast  zinc  immersed   in   water  Ficad. 

(which  afterwards  becomes  zinc  chloride), 
contained  in  the  porou§  pot,  b.  The ' 
negative  element  consists  of  two  carbon 
plates,  c  c,  joined  together  and  placed  in 
the  outer  vessel,  a,  of  glazed  earthenware, 
the  space  between  a  and  b  being  then 
closely  packed  with  crushed  carbon  and 
sealed  in  with  a  layer  of  cement,  h. 
Chlorine  gas,  which  has  considerable 
affinity  for  zinc,  is  led  into  the  outer  cell 
by  the  tube,  d  (fig.  27),  and,  passing 
between  the  small  pieces  of  carbon,  finds 
its  way  into  the  zinc  division,  where  it 
enters  directly  into  chemical  union  with  the  zinc  forming  zinc 
chloride,  thus  Zn-J-Cl,  =  ZnCl2.  Such  of  the  gas  as  is  not 
retained  in  the  one  cell  passes  through  the  outlet  tube,  e,  to  the 
bottom  of  the  next  cell.  As  the  chloride  of  zinc  solution  passes 
through  the  porous  partition,  it  accumulates  to  a  very  small  extent 
at  the  bottom  of  the  outer  vessel,  and  thence,  on  the  tap,  t,  being 
turned,  it  flows  through  the  tube,  f,  into  the  receiver,  g.  There 
is,  however,  always  sufficient  water  or  solution  in  c  to  cover  the 
end  of  the  tube  f  to  prevent  air  passing  upwards  into  the  cell 
Such  a  cell,  measuring  11^  x  5^  inches  and  12^  inches  deep, 
offers  an  internal  resistance  of  about  0*2  ohm,  and  furnishes  an 
electro-motive  force  of  2*1  volts. 

In  a  later  form  each  cell  contains  five  cylinders  of  zinc  joined 
together  so  as  to  give  a  large  positive  surface,  the  negative  element 
consisting  of  eight  carbon  plates.  The  other  details  correspond 
to  those  shown  in  figs.  26  and  27.    The  inlet  tube  is  connected 
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direct  to  the  apparatus  in  which  the  ctuonne  gas  is.  geheratea,  the 
outlet  tube  being  connected  to  the  inlet  of  the  next  cell,  the  outlet  of 
which  is  in  its  turn  connected  to  the  bottom  of  the  first  of  a  series 
of  vertical  columns,  made  by  carefully  sealing  together  a  number 
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of  <ifdinary  earthenware  drain-pipes.*  The  top  of  the  first  of  these 
columns  is  connected  to  the  bottom  of  the  second,'*  and  so'  on,  the 
top  of  the  last  of  the  series  being  provided  with  an  outlet  tube 
extending  into  the  outer  air.  Chlorine  gas  is  rather  more  than 
t\\'ice  as  heavy  as  air,  so  that  as  the  gas  first  enters  at  the  bottom 
of  the  cells  it  drives  out  the  superincumbent  air  by  ordinary  dis- 
placement Similarly  with  the  reservoir  columns,  the  first  being 
filled  with  chlorine  before  any  enters  the  second  column,  and 
so  on,    llie  connecting  tubes  are  of  lead,  which  is  the  most 

'  Id  the  earlier  form  of  the  battery,  a  very  pretty  and  ingenious  aspirator  was 
connected  to  the  battexy  which  served  the  purpose  of  dnwiog  the  gas  through 
as  required. 
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durable  material  available,  as  it  has  only  a  feeble  affinity  for 
chlorine  at  ordinary  temperatures.  A  piece  qf  glass  tubing  is  let 
into  each  of  the  lead  pipes  connecting  the  reservoir  columns,  and, 
the  back  of  the  glass  being  painted  white,  the  presence  of  the 
chlorine  is  easily  recognised  by  its  distinguishing  greenish-yellow 
hue. 

There  are  various  ways  of  generating  chlorine,  the  method 
employed  by  Mr.  Upward  being  that  of  heating  a  mixture  of 
manganic  oxide,  sulphuric  acid,  and  brine  (sodic  chloride).  The 
reaction  is  represented  by  the  equation  : — 

MnO,  +2SO4H,  +2NaCl  =  S04Na,  +S04Mn  +2OH2  +01, 

Ifancuiic     Sulphuric  Sodtc  Sodic         Mannnous      t  Water.    Chlorine, 

oxide.  acid.  chloride.  snlphatek       sulpnate. 

The  whole  of  the  chlorine  contained  in  the  salt  is  thus  reduced 
to  the  gaseous  state. 

The  apparatus  employed  for  the  generation  of  the  gas  is  illus- 
trated in  fig.  28.  In  a  round  earthenware  pan  is  placed  the  perfo- 
rated earthenware  tray  previously  filled  with  the  black  manganic 
oxide,  suffident  for  two  or  three  weeks'  run.  The  cover  is  then 
placed  in  position  and  sealed  with  water  run  into  the  groove 
shown  in  the  pan.  The  brine  and  acid,  which  are  stored  in  jars, 
are  supplied  daily  through  the  inlet  tube  shown  on  the  right  of 
the  pan,  the  spent  liquid  i>eing  drawn  off  at  the  tap  on  the  left, 
which  is  connected  directly  with  the  drain  by  means  of  a  sealed 
pipe.  The  whole  being  placed  in  a  sand  bath,  sufficient  heat  is 
supplied  by  a  small  gas  jet  or  oil  flame  to  bring  about  the  required 
chemical  changes.  The  gas  is  conveyed  by  the  tube  shown  at 
the  top  to  the  first  of  the  battery  cells.  When  it  is  required  to 
re-charge  the  retort  with  manganic  oxide,  it  is  flushed  out  with 
water  (entering  at  the  same  aperture  as  the  acid)  to  remove  any 
trace  of  the  chlorine  gas.  The  lid  and  tray  of  spent  oxide  are 
then  taken  out  and  a  spare  tray  filled  with  fresh  oxide  inserted 
and  the  lid  replaced. 

These  cells  might  be  joined  up  in  a  sufficiently  long  series  to 
light  a  number  of  incandescent  lamps  directly,  but  that  number 
would  be  limited  owing  to  the  comparatively  high  internal  resist- 
ance of  the  battery.  It  is  suggested,  therefore,  to  employ  only  a 
couple  of  cells,  and  with  them  to  charge,  one  by  one,  a  number 
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of  secondary  cells  (see  Chapter  XIV.),  the  primary  current  being 
automatically  switched  from  one  cell  to  the  next,  after  it  has  been 
charging  it  for  a  certain  time.  Clever  in  conception  as  this  battery 
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undoubtedly  is,  it  is  scarcely  one  that  could  be  plhced  in  the  hands 
of  inexperienced  people,  or  be  relied  upon  to  maintain  an  electric 
light  installation  for  any  length  of  time.  Chlorine  gas,  again,  is 
very  insidious,  and  its  occasional  escape  in  greater  or  less  quantities 
could  hardly  be  prevented.  Were  it  perfect,  however,  there  would 
only  be  a  limited  field  open  for  its  employment,  and  that  on  a 
very  small    scale.      Its  expense   would    prevent  it  ever  entering 
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into  competition  with  the  dynamo  machine  for  work  on  a  large 
scale. 

There  are,  of  course,  a  vast  number  of  cells  which  we  have  not 
considered  it  necessary  to  describe  here,  but  they  may  generally 
be  placed  under  one  or  other  of  Uie  typical  heads,  viz.  the  Daniel] 
with  a  metallic  salt,  or  the  Grove  with  an  acid,  in  the  negative  divi-^ 
sion.  The  general  difference  is  that  the  latter  polarises  more  or  less 
rapidly,  while  the  former  does  not  polarise,  but  is  kept  constant  by 
the  metallic  deposit  upon  the  negative  plate. 

l*rimary  batteries  are  of  but  little  service  in  electric  light- 
ing. They  are,  of  course,  valuable  for  testing  purposes,  but  a& 
sources  of  current  for  the  electric  light  they  are  altogether  out  of 
place,  except  for  small  isolated  work,  owing  to  the  fact  that  zinc, 
which  is  in  every  case  used  as  the  positive  plate,  and  which,  being 
consumed  in  the  generation  of  the  current,  corresponds  to  the 
coal  consumed  in  an  engine,  is  very  many  times  dearer  than  coaL 
Even  were  expense  a  question  of  minor  importance,  there  still 
remains  the  fact  that  primary  batteries  are  very  troublesome  to 
maintain,  and  more  often  than  not  give  off  noxious  fumes,  which 
are  also  as  a  rule  highly  corrosive.  What  is  really  wanted,  putting 
aside  altogether  the  question  of  expense,  is  some  simple  form  of 
cell,  of  which  the  constituents  can  be  easily  obtained  and  replaced ; 
from  which  no  injurious  fumes  can  arise ;  which  shall  have  a  high 
electro-motive  force  and  a  low  internal  resistance,  and  be  fSurly 
constant  withaL 

There  are  three  considerations  that  have  to  be  taken  into 
account  when  determining  what  kind  and  what  number  of  cells  it 
would  be  most  advisable  to  employ  for  any  particular  purpose — 
viz.  the  relative  constancy  and  electro-motive  force,  and  the  ratio 
between  the  internal  resistance  of  the  cell  and  the  external  resist- 
ance, or  the  resistance  of  the  connecting  wires  and  apparatus. 
It  will  have  been  gathered  that  there  is  in  this  matter  of  electro- 
motive force  and  constancy  considerable  variation.  We  will  not 
enter  here  into  the  matter  of  expense,  for  in  the  end  that  which  is 
the  best  cell  for  any  particular  purpose  generally  proves  to  be  also 
the  cheapest  The  internal  resistance  is,  however,  an  important 
factor.  If  it  were  negligible,  it  would,  for  example,  be  possible  to 
maintain  a  current  of  one  ampere  by  one  Daniel!  cell  working 
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through  an  external  resistance  of  one  ohm,  for  as  (see  Chapter  II.) 

F.I  volt 
c  as  -,  then  — ;-     =  I  ampere. 
R  I  ohm 

But  the  average  Daniell  cell  offers  four  .ohms  reffiitance,  so  that 
the  current,  where  r  is  the  external  resistance  of  one  ohm,  and  r 
the  internal  resistance,  would  be 

E  I 

=  an  '2  ampere  ; 

R  +r       x  +  4  ^       ' 

and  if  we  were  to  attempt  to  increase  this  current  materially  by  the 
addition  of.  say,  nine  other  similar  cells,  we  should  fail,  for  then 

IDE  lo  , 

—    .   _-  =  — -  —  =  "25  ampere  nearly. 
R  +  lor       1+40  J       *'  ^ 

Similarly,  with  100  such  cells  through  this  un»t  resistance—* 

looE      100      _  .  -         1 .' 

R+  100  r        1  +  400 

We  see,  then,  that  increasing  the  number  of  cells  in  this  way, 
when  the  external  resistance  is  low,  produces  no  correspondingly 
good  effect,  for  the  simple  reason  that,  although  we  might  propor- 
tionally increase  the  electro-motive  (brce  by  so  doing,  we  should 
at  the  same  rate  increase  the  circuit  resistance.  As  a  matter  of 
fact,  no  ordinary  Daniell  cell  or  batter}*  can  possibly  develop  a 
current  of  one  ampere,  its  internal  resistance  being  too  high. 

On  the  other  hand,  were  we  to  employ  Grove  cells  (which  for 
simplicity  we  will  assume  to  have  an  ,clcctro-motive  force  of  2  volts 
per  cell),  the  advantage  of  increasing  the  number  of  cells  on  a  low 
resistance  circuit  soon  becomes  apparent  For  example^  with  an 
external  resistance  of  i  ohm  and  an  internal  resistance  of  '2^ohm 
per  cell,  one  cell  would  give  us, 

i'£  amperes. 


E        _ 
R  +/'^ 

«2 

1    +-2 

Two  such  cells  would  produce 

2E  -    _ 

R  +.2r 

4 
X  +  -4 
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3*8  amperes  nearly. 


And  three  cells 

3E      _      6 


R  +  3r       I  +  -6 

Similarly,  four  cells  would  give  4*4  amperes  and  five  cells  would 
yield  5*0  amperes.    But  from  ten  cells  we  should  only  get 


lOE  20 


6*6  amperes. 


R  +  lor        1  +  2 

While  with  100  such  cells  the  current  would  be 
looE  200 


R  +  loor       I  -r  20 


=  9'5  amperes^ 


showing  again  that  as  the  internal  resistance  approaches  or  ex- 
ceeds the  external,  the  proportional  current  from  th^  battery  is 
reduced.  When,  however,  the  external  resistance  is  relatively 
high,  say  1,000  ohms,  the  battery  resistance  becomes  propor- 
tionally low,  and,  therefore,  to  a  certain  extent,  negligible.  The 
current  from  one  Daniell  cell  would  be 

E  I 

c  a=s  s=  -_ ss  *ooooc6  ampere. 

R  +  r       1000  +  4  7^         r 

With  ten  cells  we  should  get, 

loE      10 

R  +  lor       1000  +  40 


'00961  ampere^ 


or,  practically,  a  current  of  tenfold  strength. 

Similarly,  with  a  battery  of  100  cells,  we  should  get 

100^  100 

—  s=  '0714  ampere. 


R  +  loor       1000  +  400 
Again,  one  Grove  cell  would  give  through  1000  ohms 

£  2 

c  = ss  ss  *oo2  ampere, 

R  +  r       1000  +  'a 


and  ten  cells  would  give 

loE  20 


R  +  lor       1000  +  2 


ss  '0199  ampere. 
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From  loo  cells  we  should  get — 

—  ^  •190  ampere. 


R  +  loor       1000  +  20 

With  either  the  Daniell  or  the  Grove  the  strength  of  the  current 
increases  in  almost  the  same  ratio  as  the  number  of  cells  when  the 
external  resistance  is  high.  But  as  the  Grove  is  vastly  inferior  to 
the  Daniell  in  constancy,  and  as  it  is*  a  very  expensive  form  of 
battery,  the  deduction  is  that  Daniell  cells  should  be  used  for 
circuits  of  high  resistance,  compensating  for  their  lower  electro- 
motive force  by  a  corresponding  increase  in  numbers.  On  the 
other  hand,  the .  Grove,  in  consequence  of  its  low  internal  re-^ 
sistance,  is  better  adapted  for  circuits  of  low  resistance. 

The  internal  resistance,  however,  of  different  cells  of  any, 
particular  type  varies  inversely  as  the  size  of  the  plates  (counting 
only  the  active  or  opposed  surfaces).  It  also  varies  'directly  as  the 
distance  between  them  (making  due  allowance  for  the  resistance 
of  the  porous  pot,  which  would,  of  coarse,  have  a  constant  value 
unless  varied  in  size  or  thickness).  The  meaning  of  this  is  plain, 
for  if  we  were  to  double  the  size  of  the  plates  we  should  halve  the 
resistance  and  proportionally  increase  the  current  strength. 

The  same  object  is  attained  by  joining  cells  in  *  parallel^  So 
far  we  have  only  considered  them  as  joined  in  series,  that  is  to 
say,  the  copper  of  one  cell  joined  to  the  zinc  of  the  next  and  so 
on.  Under  such  circumstances  the  electro-motive  force  of  the 
battery  is  equal  to  the  sum  of  the  electro-motive  forces  of  the 
various  cells.  If  the  coppers  of  two  cells  are  joined  together,  and 
likewise  the  zincs,  and  the  two  junction  wires  connected  to  the 
external  circuit,  a  current  will  be  developed  by  an  electro-motive 
force  equal  to  that  of  one  cell,  the  joint  resistance  of  the  two  equal 
cells  being  half  that  of  one  of  them  used  separately.  The  arrange- 
ment is,  in  fact,  equivalent  to  doubling  the  size  of  the  plates. 

This  will,  perhaps,  be  made  clearer  by  a  reference  to  the 
diagrams,  figs.  29,  30,  and  31.  Fig.  29  represents  a  batteiy  of 
three  cells  joined  in  series,  the  short  thick  strokes  representing  the 
zinc  or  positive  plates,  and  the  long  thin  ones  the  copper,  or  nega- 
tive plates.  Fig.  30  shows  two  cells  joined  up  in  parallel  If  they 
are  both  of  exactlv  the  same  electro-motive  force,  no  current  can 
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flow  from  c  to  c  or  from  z  to  z,  but  on  joining  the  external  wires 
A  and  B  together,  a  current  would  be  generated  by  each  cell  and 
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pass  through  the  external  circuit  from  b  to  a.     As  already  stated, 
the  joint  resistance  of  these  two  cells  would  be  half  that  of  one 


A         « 
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of  them.     With  a  low  external   resistance   the   current  strength 
would  be  increased  proportionally.     In  fig.  31  are  shown  sixteen 


Fig    31. 
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cells  divided  into  four  sets  of  four  cells  each,  the  sets  being  joined 
up  in  parallel.  On  completing  the  external  circuit  a  current  will 
flow,  having  an  elcetro-motive  force  equal  to  that  of  four  cells, 
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but  the  battery  resistance  will  be  only  one-fourth  of  that  of  four 
cells. 

The  joint  resistance  of  any  number  of  parallel  batteries  is 

equal  to  ^^^  where  r  is  the  resistance  per  cell,  s  the  number  of 

B 

such  cells  joined  up  in  series  in  each  individual  battery,  and  b  the 
number  of  such  batteries  joined  together  in  parallel.  This  is 
simply  an  application  of  the  law  that  with  a  number  of  conductors, 
N,  of  uniform  resistance,  r,  joined  together  in  parallel,  their  joint 

resistance  is  equal  to  - .    For  rs  is  the  total  resistance  of  each 

of  tlie  batteries  joined  together  in  parallel.  This  arrangement 
is  sometimes  very  advantageous ;  for  example^  if  sixteen  Daniell 
cells,  each  of  i  volt  electro-motive  force  and  4  ohms  internal 
resistance,  are  employed  in  series  for  a  circuit  of  4  ohms  external 
resistance,  the  current  will  be 

^  I  ^^  =  '235  ampere  .        .  (i). 

By  dividing  the  cells  into  two  sets  of  eight  cells  each  and  joining 
these  in  parallel,  the  current  is  increased,  thus 

— 7  =  '400  ampere  .        .        .        (2). 

On  rearranging  the  cells,  as  shown  in  fig,  31,  the  current  becomes 

^      =  -500  ampere    .        .        .         (3). 
4  +  4 

Pursuing  this  plan  any  further,  however,  results  in  a  diminution  of 

the  current ;  for  example,  if  eight  sets  of  two  cells  each  are  joined 

in  parallel,  we  get 

^      ss  '400  ampere  .        .        .        14)« 
4  +  1 

AVhilc  with  the  whole  of  the  sixteen  cells  joined  in  parallel  we  get 

only 

=  -235  ampere.         .         .         (5). 
4  +  *25 

With  circuits  of  comparatively  low  external  resistance  there  is, 
therefore,  a  best  possible  arrangement  of  the  cells  to  give  the 
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strongest  possible  current,  and  with  any  given  number  of  cells 
this  arrangement  is  arrived  at  when  the  internal  resistance  is  equrd 

to  the  external,  or  when  r  ss  - . 

B 

Such  an  arrangement  is  not,  however,  economical ;  nor,  indeed, 
is  any  arrangement,  unless  the  external  resistance  is  considerably 
in  excess  of  the  internal.  As  has  been  aheady  stated,  the  strength 
lof  the  current  is  the  same  in  all  parts  of  the  circuit,  consequently 
in  (i)  sixteen  times  as  much  zinc,  &c.,  is  consumed  in  the  sixteen 
cells  as  would  be  consumed  in  a  single  cell  capable  of  maintaining 
an  equal  current  In  (3),  however,  each  set  of  four  cells  must  be 
considered  as  a  separate  or  branch  circuit,  and  only  one-fourth  of 
the  current  flowing  in  the  external  circuit  would  flow  through  each 
of  these  separate  sets.  The  external  current  is  approximately 
twice  as  strong  as  in  (i).  Therefore  the  individual  current  in  each 
cell  and  the  consequent  consumption  of  zinc  is  only  half  as  great 
In  (s),  where  there  are  sixteen  cells  in  parallel,  a  current  is  pro- 
duced equal  to  that  resulting  from  a  battery  of  sixteen  cells  in 
series,  but,  the  cells  being  joined  up  in  parallel,  only  one-sixteenth 
of  this  current  flows  through  each  cell,  so  that  the  total  consump- 
tion of  zinc  in  the  sixteen  cells  is  equal  to  that  in  but  a  single  cell 
in  f  i),  clearly  demonstrating  the  advantage,  from  an  economical 
point  of  view,  of  using  batteries  much  lower  in  resistance  than  the 
wire  or  apparatus  through  which  the  current  has  to  flow. 

One  important  feature  concerning  the  proportion  between  the 
gross  electro-motive  force  of  the  battery  and  the  difference  of 
potential  it  can  maintain 'in  any  given  external  circuit  requires 
careful  consideration,  for  it  is  a  feature  that  is  frequently  lost  sight 
of.l  It  was  pointed  out  in  Chapter  II.  that  in  any  given  circuit 
the  fall  of  potential  varies  directly  as  the  resistance,  so  that  in  (i), 
where  the  internal  bears  to  the  external  resistance  the  proportion 
of  16  to  X,  only  one-seventeenth  of  the  16  volts  developed  by  the 
battery  is  available  in  the  external  circuit,  the  remaining  sixteen- 
seventeenths  being  absorbed  in  overcoming  the  resistance  of  the 
battery.  In  (3)  the  resis*ances  outside  the  battery  being  equal  to 
that  inside,  the  electro-motive  force  of  4  volts  developed  is  halved, 
2  volts  being  available  for  the  external  circuit  Similarly  in  (5), 
the  available  electro-motive  force  for  the  external  circuit  is  sixteen- 
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seventeenths  of  a  volt  (the  gross  electro-motive  force  developed 
being  i  volt),  or  equal  to  that  produced  by  the  sixteen  cells  joined 
up  in  scries,  as  in  (i),  where,  as  alreadv  shown,  the  consumption 
of  materials  is  sixteen  times  as  great  and  speaking  generally,  we 
may  say  that 

^Vhere  e  is  the  electro-motive  force  developed  by  the  battery,  r  is 
the  external  resistance,  r  is  the  internal  resistance,  and  p  the 
available  potential  difference  at  the  terminals  of  the  battery.  For 
example,  with  a  battery,  as  m  (4),  whose  internal  resistance  is 
I  ohm  working  through  an  external  resistance  of  4  ohms,  and 
having  an  electro-motive  force  of  2  volts,  the  available  potential 
difference  will  be 

p  ==  2      ^    •  i'6  volts, 
4+1- 

The  available  potential  difference  can  also  be  ascertained  m 
another  way  which  does  not  involve  the  necessity  for  ascertaining 

the  external  resistance.     Ohm's  law  declares  c  =       or,  e  »  c  r. 

R 

And  this  is  true  either  of  a  complete  circuit  or  simply  of  a  part  of 
a  circuit.  If,  for  instance,  in  a  circuit  of  known  or  unknown 
resistance  the  current  strength  is  found  to  be,  say,  1*5  amperes, 
and  that  a  portion  of  the  circuit  offers  a  resistance  of  3  ohms, 
then  the  fall  of  potential,  or  the  electro-motive  force  absorbed,  in 
that  portion  of  the  circuit  ^nU  be 

E  =  CR       I'S  X  3  =  4'S  volts. 

If  the  known  resistance  is  that  of  thi  battery  (r),  it  follows  that  4*5 
volts  will  be  the  electro-motive  force  absorbed  by  the  battery,  and 
if  that  is  deducted  from  the  total  electro-motive  force  developed 
(say,  20  volts),  the  remainder  will  be  the  available  potential 
difference  for  the  external  circuit,  of 

ps^E  —  cr=2o  —  (1-5  X  3)  =  15-5  volts. 

Occasion  sometimes  arises  for  substituting  one  form  of  battery 
for  another  \vithout  making  any  appreciable  change  in  the  current 
strength.     If  the  internal  resistance  were  negligible,  this  would,  of 
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course,  be  a  matter  of  no  difficulty ;  but  even  when  it  is  requisite 
to  make  allowance  for  the  battery  resistance,  a  simple  formula  can 
be  employed  to  ascertain  the  number  of  cells  necessary  to  develop 
a  given  current  strength.  For  example,  suppose  that  a  battery  of 
loo  cells,  with  an  electro-motive  force  of  x  volt  and  an  internal 
resistance  of  4  ohms  per  cell,  sends  a  current  through  an  external 
resistance  of  400  ohms,  then  the  current  will  be 

xooE  100 

—  =5  -125  ampere. 


loor  4-  R       400  4-  400 

Substituting  some  other  form  of  battery  with  an  electro-motive 
force  of  2  volts  and  an  internal  resistance  of  i  ohm,  and  letting 
n  be  the  number  of  such  cells  necessary  to  develop  0*125  ampere, 
then 

«2 I 


n 

X 

=  '125  =  -  ampere. 

1+400           -^       8      ^   ^ 

that  is  to 

say, 

an       ^  I 

«  4-  400       8' 

or, 

i6if  =  ff  +  400 
iS«  =  400 
«^4oo_^^.g^ 

IS 

Twenty-seven  of  these  2-volt  cells  would  maintain  in  the  circuit  a 
current  of 

— iZ ss  — 5ft —  =  '126  ampere. 

27r  +  400       27  +  40a 

Twenty-six  cells  would  be  insufficient  for  the  purpose.  This 
formula  also  possesses  the  advantage  of  providing  the  same  poten- 
tial di/Terence  at  the  terminals  of  the  battery,  as  well  as  that  of 
furnishing  the  number  of  cells  necessary  to  develop  an  equally 
strong  current 
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CHAPTER  IV. 

MEASUREMENT  OF  CURRENT  STRENGTH. 

Having  in  the  preceding  chapters  shown  how  a  current  of  elec- 
tricity can  be  generated  and  maintained,  and  having  also  explained 
the  various  units  by  which  we  can  measure  that  current,  as  well  as 
the  resistance,  and  the  pressure  or  electro-motive  force  which 
maintains  the  current,  it  behoves  us  now  to  turn  our  attention  to 
the  methods  of  making  such  measurements  and  the  consideration 
of  the  laws  involved.  In  order  to  make  the  student's  progress 
at  this  difficult  stage  as  easy  as  possible,  we  -will  approach  the 
subject  experimentally. 

If  a  wire,  ab  (fig,  32),  carrying  a  current  is  brought  near 
another  wire,  c  d,  also  carrying  a  current,  it  is  found  that  there  is 

Fig.  3a. 


^^ 


a  decided  action  between  the  two  wirc«^  If  the  currents  arc 
flowing  in  the  same  direction,  as  shown  by  the  arrow-heads  in 
fig,  32,  the  wires  are  attracted  one  to  the  other.  On  the  other 
hand,  if  the  currents  travel  in  opposite  directions,  as  in  fig.  33, 
repulsion  ensues. 

Fio.  33 
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The  force  of  this  attraction  or  repulsion  depends,  among  other 
considerations,  upon   the  strength  of  the  current.     It  would  be 
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possible,  therefore,  to  take  advantage  of  this  effect  as  affording  a 
means  of  estimating  or  measuring  current  strength,  and  a  device 
for  so  doing  will  be  described  presently. 

Now  it  is  impossible  for  any  action  to  take  place  between  the 
two  wires  without  the  aid  of  some  intervening  medium  to  transmit 
the  force.  This  medium  is  the  same  as  that  which  transmits  the 
electrical  stresses  in  the  other  or  static  state  of  electricity,  that  state 
in  which  a  body  affected  by  it  is  said  to  be  electrified  or  charged 
with  electricity,  and  is,  in  all  probability,  the  light-carrying 
ether. 

Although  it  is  difficult  to  understand  the  precise  action  in  this 
case,  it  is  easy  to  show  experimentally  the  direction  in  which  the 
force  acts. 

If  we  thread  a  wire  which  is  carrying  a  current  through  a  piece 
•f  cardboard,  and  sprinkle  iron  filings  on  the  cardboard,  they  will 

Fig.  34. 


arrange  themselves  in  conc^tric  circles  round  the  wire  as  shown 
in  fig.  34.  This  arrangement  is  caused  solely  by  the  current 
and  may  be  observed  at  any  part  of  the  wire.    The  lines  thus 

c  a 
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marked  out,  which  show  the  direction  in  which  the  force  due  to 
the  current  acts,  are  called  'lines  of  force.' 

As  in  the  case  of  the  imaginary  lines  considered  in  Chapter  I., 
it  is  necessary  to  assume  for  them  a  certain  direction.    That  direc- 
tion along  a  line  of  force,  indicated  by  the  arrows  in  fig.  2^1^  is 
called  the  '  positive '  direction.     The  direction  can  be  impressed 
Fic.  35.  upon  the  memory   by   thinking   of  the  act  of 

using  a  corkscrew.  If  the  longitudinal  direction 
of  the  screw,  either  into  or  out  of  ^<t  cork,  be 
taken  to  represent  the  direction  of  the  current, 
then  the  positive  direction  of  the  lines  of  force 

a«^^        will  be  that  in  which  the  handle  rotates,  so  that 
"^-^    if  in   fig.    35    the   downward   direction   of  the 
^J   current  were  reversed,  the  positive  direction  of 
■"*"  the  lines  of  force  would  be  in  the  opposite  direc- 

tion to  that  indicated  by  the  arrow-heads.  Th^ 
space  around  the.  wire  in  which  the  effect  of 
the  current  is  perceptible  is  called  an  *  electro- 
magnetic field,'  and  ic  is  important  to  remember 
that  the  strength  of  this  field  is  exactly  pro- 
."portional  to  the  strength  of  the  current  producing  it.  It  ex- 
.tends  from  the  axis  of  the  i\'ire  as  a  centre  throughout  the  sur- 
rounding space,  but  as  the  distance  from  the  wire  increases^  the 
effect  is  weakened  until  it  at  last  becomes  so  feeble  as  to  be  im- 
perceptible. The  lines  of  force  traversing  this  field  obey  precisely 
the  same  laws  as  those  laid  down  for  the  line^  due  to  a  static 
charge,  and  the  interaction  bet^^'een  two  sets  of  lines  of  force  can 
always  be  predicted  by  remembering  that  their  universal  tendency 
is  to  coincide  in  direction  and  to  shorten  themselves. 

Reverting  to  the  experiment  mth  the  two  wires  carrying  the 
currents,  it  may  be  said  that  the  force  exerted  between  them 
always  tends  to  move  them  so  that  they^shall  take  up  such  a 
position  that  the  currents  flow  in  the  same  common  direction  (as 
in  fig,  32)  and  that  the  wires  as  nearly  as  possible  coincide.  •  To 
prove  this,  it  is  necessary  to  allow  at  least  one  of  the  wires  to  bp 
capable  of  moving  freely  and  with  as  Httle  restraint  or  friction  as 
possible.  This  can  be  done  by  means  of  a  simple  device  for 
instructing  a  movable  or  floating  battery  cell.     Let  a  cork  be 
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fitted  to  a  small  glass  beaker  partly  filled  with  diluted  sulphuric/ 
acid,  and  through  the  cork  pass  wires  carrying  thin  strips  of  rinc 
and  copper  or  sibrer^^completing  the  circuit  externally  by  means 
of  a  stiff  but  not  too  heavy  piece  of  wire,  as  shown  in  fig.  36. 


Fio.  36. 
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The  small  beaker  cell  can 
then  he  placed  in  a  larger 
beaker,  or  any  other  con- 
Ivcnicnt  vessel  full  of  water, 
and,  unless  too  much  acid 
solution  has  been  placed  in 
the  smaller  beaker  or  the  solid 
Ix>rtions  are  made  unneces 
sarily  heavy,  the  cell  will  float 
readily  uix)n  the  water.  If  a 
^nrc  carrying  a  strong  cur- 
rent is  placed  parallel  to  the 
straight  part  of  the  wire,  a  b^  so  that  the  currents  flow  in  opposite 
directions,  the  wire  ab  will  l)e  repelled,  and,  the  cell  floating 
away,  xvnil  turn  completely  round,  so  that  the  currents  flow  in  the 
same  direction  ;  it  will  then  1x5  attracted 
until  a  b  lies  as  jiear  «is  possible  to  the 
other  wire. 

These  effects  may  l)c  increased  by  in- 
creasing the  length  of  the  wires,  but  ver)- 
long  straight  wires  would  l^e  cuml>crsomc 
and,  in  fact,  impracticable.  It  is,  there- 
fore, more  convenient  to  coil  them  up  into 
flat  spirals  {^^,  37),  covering  the  wire  with 
silk,  cotton,  or  some  insulating  material, 
to  prevent  adjacent  convolutions  getting 
into  contact.  The  effect  between  the 
spirals  will  be  identically  similar  to  that  between  the  same  two 
wcs  straightened  out  For  many  purposes,  however,  it  is  pre- 
ferable to  coil  the  wire  into  a  long  spiral  or  helix.  In  fi%.  38 
one  of  the  helices^  a  b,  is  floated  in  a  manner  similar  to  that 
adopted  in  fig.  36,  the  other  helix,  ab^  being  placed  near  it 
The  action  between  two  such  .helices  is  very  decided,  and,  being 
of  exactly  the  sfimc  character  as  that  bet^recn  the  straight  wires 
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or  fiat  spirals,  may  be  predicted  by  remembering  the  laws  we  have 
just  stated. 

Tf  the  currents  are  flowing  in  opposite  directions  round  adja- 
cent ends  of  the  spirals  or  helices,  repulsion  will  take  place,  and 
the  floating  helix,  moving  more  easily  than  the  other,  will  recede, 
and,  turnmg  completely  round  on  its  vertical  axis,  will  approach 
with  Its  opposite  end  to  the  fixed  spiral,  as  m  fig.  38.  The  currents 

KiG.  38. 


util  then  be  flowing  in  the  same  direction,  and  the  floating  helix 
being  comparatively  large  and  its  movements  not  restricted,  it  will 
not  come  to  rest  until  it  has  threaded  itself  on  to  or  over  the 
other  spiral.  Such  a  spiral  or  helix  of  wire  acts  as  if  the  force 
rebided  at*  its  extremities,  which  are  termed  its  '  poles,'  and  it  is  for 
this  reason  that  this  form  of  spiral  is  called  a  solenoid. 

^ow  the  strength  of  an  electro-magnetic  field  may  be  measured 
by  the  density  of  its  lines  of  force  or  the  number  contained  m  a 
gi\  en  area.  From  the  experiment  shown  in  fig.  34,  it  is  clear  that 
the  lines  are  much  denser  near  the  wire  than  at  a  distance  fiN>Di  iL 
This  is  aUo  the  case  when  the  wire  is  coiled  up  into  a  helix.  ITic 
greater  part  of  them  there  form  little  circles,  closely  embracing  the 
wire  from  which  they  are  generated*  and  comparatively  few  of 
these  circles  of  force  pass  through  the  space  at  the  ends  or  poles 
of  the  solenoid,  where  the  force,  generally  speaking,  appears  to  lie 
concentrated.  It  will  be  evident  that  if  we  can  by  any  means 
divert  the  circles  of  force  so  as  to  compel  more  of  them  to  pass 
through  the  ends  of  the  solenoid,  then  its  effective  strength  will 
be  greatly  increased. 

Experiment  has  demonstrated  that  iron  offers  a  far  easier  path 
for  these  lines  of  force  than  the  air  does — so  much  easier,  in  fiurt^ 
that  they  will  alter  their  circular  shape  and  extend  a  considerable 
distance  from  their  respective  portions  of  the  wire  in  order  to  pass 
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through  a  piece  of  iron.  This  affords  us  a  ready  means  of  leading 
the  lines  to,  and  concentrating  them  at  almost  any  point  we 
please.  It  may  be  mentioned  that  the  relative  facility  with  which 
the  lines  of  force  are  propagated  by  good  soft  iron,  or  the  electro- 
magnetic conductivity  of  the  iron  as  compared  with  that  of  air, 
may  be  as  high  as  20,000  to  i. 

If,  then,  we  place  a  bar  of  iron  inside  a  solenoid,  a  large  per- 
centage of  the  lines  of  force  lose  their  circular  form,  and,  passing 
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througn  this  iron  *core  (as  it  is  called),  they  leave  it  at  its  ends 
to  complete  their  excursion  round  the  wire  from  which  they  were 
generated.  An  example  of  this  action  of  iron  is  shown  in  fig.  39,* 
which  illustrates  the  ^eld  developed  by  a  powerful  current  travel* 
ling  through  a  solenoid  of  a  few  turns,  having  stdore  of  compara* 


*  We  are  indebted  to  the  proprietors  of  Engimerin^  for  perminion  to  re- 
product  figt.  59  to  42. 
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tively  small  dimensions.  Were  a  larger  or  more  massiye  core  to 
be  introduced,  even  more  of  the  lines  of  force  would  extend 
themselves  through  the  iron  instead  of  circulating  in  the  immediate 
vicinity  of  the  wire. 

Fitted  with  these  iron  cores,  the  strength  of  the  action  between 
two  solenoids  is  enormously  increased.  But  here  we  must  issue  a 
word  of  warning.  It  must  not  be  supposed  that  because  we 
thus  increase  the  polar  strength  of  the  solenoid,  we  have  even  in 
the  slightest  degree  augmented  the  electro-magnetic  force  itself. 
With  a  given  current  and  a  given  length  of  wire,  that  force  is  a 
constant  quantity,  the  sum  total  of  which  cannot,  in  any  sense  of 
the  word,  be  increased  by  the  addition  of  a  mass  of  iron,  or  even 
by  any  variation  in  the  disposition  of  the  wire,  whether  we  wind  it 
into  a  spiral,  a  solenoid,  or  use  any  other  device.  Were  we  able  to 
augment  the  total  force  by  any  of  these  means,  there  would  be  an 
end  to  the  law  of  the  conser^-ation  of  energy,  which,  as  has  already 
b^n  pointed  out,  declares  that  when  any  one  force  is  produced 
or  developed  it  can  only  be  at  the  expense  of  an  equal  amount  of 
energy  previously  existing  in  another  or  a  similar  form.  Force  is 
indestructible ;  neither  can  we  create  it  The  doctrine,  therefore, 
so  frequently  laid  down  that  the  intro<iuction  of  an  iron  core 
increases  the  electro-magnetic  strength  of  a  coil  of  wire,  is  mis- 
leading. The  only  means  of  increasing  that  strength  or  force  is 
by  increasing  the  current,  or,  what  amounts  to  the  same  thing,  by 
increasing  the  length  of  wire  and  increasing  the  battery  power  in 
sufficient  proportion  to  maintain  the  same  current  strength.  Let 
us  state  positively,  even  at  the  expense  of  a  little  reiteration,  that 
what  we  really  do,  by  the  introduction  of  the  iron  core,  is  to 
concentrate  a  much  lai^ger  proportion  of  the  available  force  at 
those  points  where  it  acts  at  the  greatest  advantage,  namely,  at  the 
poles  of  the  solenoid.  We  would  impress  upon  the  student  the 
necessity  for  ever  keeping  these  facts  clearly  in  mind. 

The  amount  of  attraction  or  repulsion  exhibited  by  the 
solenoids  furnished  'Vith  their  iron  cores  might  be  used  as  a 
means  of  measuring  current  strength,  but  the  arrangement  is  not 
a  convenient  one,  owing  chiefly  to  the  difficulty  in  obtaining  per- 
fect freedom  of  motion,  the  liability  of  variation  in  the  current 
strength,  and  the  varying  properties  of  the  iron.- 


tmxT.  If.  RtUnHviiy  69 

Were  it  not  for  these  disadvantages  we  could  keep  the  electro- 
magnetic force  of  one  of.  the  solenoids  constant,  and  send  'the 
cuiirents  to  be  compared  and  measure^  through  the  other.  But 
here  Nature  comes  in  to  aid  us,  for  it  is  found  that  if  a  piece  of. 
^rd  iron  or  steel  is  used  as  a  core  for  the  solenoid,  it  retains 
more  or  less  permanently  a  large  portion  of  the  electro-magnetic 
properties  originally  produced  by  the  current.  The  power  or 
ability  of  retaining  such  effects  or  properties  is  known  *  as  the 
'  retentivity '  of  the  iron  or  steel,  and-  depends  entirely  upon  its 
chemical  composition  and  mechanical  or  molecular  structure! 
This  retentivity  is  the  samp  property  as  th?.t  hitherto  kndwn  as 
*  coerdve  force,'  Which  was  certainly  a  misnomer  and  a  libel  upon 
the  metal.  If  retentivity  corresponds  to  anything  at  all,  it  is  to 
inertia  rather  than  to  anything  that  can  fairly  be  described  as 
coercive.  The  similarity  to  mechanical  inertia  is  seen  in  the  faa 
tiiat  those  sfimples  which  transmit  the  lines  of  force  freely,  retairi 
Scarcely  any' of  the  influences  producible  by  them,  while,  on  the 
othet^  hand,  hard  iron  and  steel,  which  resist  Ijie  propagation  ^f 
the  Jlines  of  force,  resist  equally  well  the  vanishing  of  these 
lines  after  the  cessation  of  the  current  which  called  them  into 
existencd.^  ^  _ 

^A  pieee  of^iron^yr  steel  which  l^cquires' and  sblretains  the 
power  of  acting  as  a  solenoid,  is  called  a  permanent  magnet,  or 
simply  am^gnet,  and  its  eictremities  are  also  called  poles.  The 
line&'of  force  still  enter  and  leave,  the  steel  as  they  did  before  it 
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was- removed  from  the  helix,  the  direction  being  shown  in  flg..40. 
iThe  find^  s,  at  which  they  enter  is  called  the  south-seeking  pole  of 
the  magnet,  and  the  other  its  north-seeking  pole. 

The  actual  arrangement  imparted  to  iron  filings  sprinkled  on  a 
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sheeTBr  paper  placed  over  a  permanent  8teel  magnet  is  beautifully 
illustrated  in  fig.  41.  Such  a  distribution  of  the  filings  would  take 
place  in  any  plane  parallel  to  the  axis  of  the  magncc,.for  the  lines 
of  force  radiate  fh>m  Hhe  poles  similarly  in  all  directions.    The 
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distribution  observed  when  the  paper  is  placed  on  the  end  of  the 
magnet  and  at  right  angles  to  its  axis  is  shown  in  fig.  42. 

If  we  know  the  direction  in  which  the  current  passes  round  a 
piece  of  iron  oc  steel,  it  is  easy  to  predict  the  direction  of  its 
polarity ;  for  if  we  look  at  the  end  of  the  bar  and  the  current  is 
then  flowing  round  it  in  ^a  right-handed  direction,  as'  in  fig.  43. 
that  end  will  be  a  south-seeking  pole  ;  but  if  the  current  fl5w  in 
a  left-handed  direction,  as  ^in  fig.  2(4,  that  end  will  be  a  noith- 
seeking  pole. 

It  is  the  practice  to*  enter  into  a  detailed  description  of  the 
difference  "betweed  right-  knd  'left-handed  helices  with,  a  view  to 
facilitating  «  recollection  of  the  electro-magnetic  polarity.  Thus 
a  left-handed  helix*  (fig.  4^)  is  one  in  which,  from  whichever  aid 
the  current  enten|Jtjrill.trayel  in  'the  opposite  direction  to  that 
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taken  by  the  hands  of  a  clock,  and  will  develop  north-seeking 
polarity  at  the  end  at  which  it  enters  and  south-seeking  polarity 


Pic  49. 


Fic.  43. 


Fic.  44. 


Fic.  45* 
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at  the  end  of  emergence.  Conversely,  a  nght-handed  helix  (fig. 
46)  is  one  in  which  the  current  will  travel  round  in  the  same 
direction  as  the  clock-hands.    In  this,  the  entering  end  becomes 
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a  south  pole  and  the  other  a  north  pole.  But  all  this  is  super- 
fluous. It  is  sufficient  to  regard  the  cause  and  effect  in  the  way 
indicated  in  the  preceding  paragraph. 

Flo.  46. 


It  is  ndtcworthy  that  two  magnets  act  one  upon  the  other  in 
precisely  the  same  manner  as  two  helices  or  a  helix  and  a  magnet, 
for  in  every  case  the  movement  or  motion  imparted  is  such  as 
vni\  tend  to  make  the  lines  of  force  coincide.  Thus,  if  one 
magnet  \  (fig.  47),  is  brought  near  another,  b,  which  is  suspended 

Fio.  47. 
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by  a  thread  or  pivoted  on  a  needle-point  at  c,  so  that  it  can  turn 
freely  about  its  centre,  the  force  exerted  between  them  will  en- 
deavour to  make  the  suspended  needle  take  up  such  a  position 
as  to  allow  the  lines  of  force  due  to  both  magnets  to  pass  through 
them  in  the  same  direction.  This  will  happen  when  the  magnets 
are  in  line  and  when  their  opposite  poles  are  adjacent,  as  shown  in 
fig.  47.  In  other  words,  there  lyill  be  repulsion  between  similar 
magnetic  poles  and  attraction  between  dissimilar  ones. 

If,  however,  both  magnets  arc   allowed  perfect  freedom  of 
];notion,  their  ultimate  position  will  be  that  shown  in  fig.  48^  the 
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magnets  then  lymg  side  by  side  with  their  dissimilar  poles  adjacent 
In  this  position  the  coincidence  of  the  lines  of  force  is  at  a  maxi- 
mum, that  is,  the  lines  due  to  each  magnet  turn  round  at  the  ends 
and  pass  through  the  other,  and  in  so  doing  assume  the  easiest 
path  for  their  completion.     If  pieces  of  soft  iron,  called  armature* 
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or  keepers,  were  placed  across  the  extremities  of  thre  magnets,  the 
circuit  of  the  lines  of  force  would  be  continued  through  them  to 
such  an  extent  that  few  or  none  of  the  lines  would  traverse  the  air. 
These  armatures  are,  however,  rarely  made  properly,  their  mass 
being  far  too  small,  and  their  shape  far  from  the  best  possible  ;  but 
this  point  we  will  deal  with  more  fully  in  Chapter  VII. 

The  strength  of  a  magnet  pole  can  be  estimated  by  measuring 
the  force  with  which  it  attracts  or  repels  another  pole,  the  force 
being  equal  to  the  product  of  the  two  polar  strengths  ^  or,  if  m 
represents  the  strength  of  one  pole,  and  Mj  the  strength  of  the 
other,  similarly  magnetised,  the  force  of  their  repulsion  will  be 
If  XM,.  This  force  of  repulsion  is  not,  however,  the  same  at  all 
distances,  but  varies  inversely  as  the  square  of  the  distance,  so 
that  we  might  express  the  force  /  between  two  magnet  poles,  by 
the  simple  formula, 


/= 


MXM, 


where  d  eq^ils  the  distance  m  centimetres  between  the  pol^s.  It 
is  important  to  bear  in  mind  that  the  distance  between  the  two 
poles  of  each  magnet  should  be  as  great  as  possible— or,  in  other 
words,  that  the  magnet  should  be  as  long  as  possible — to  minimise 
the  error  that  would  be  produced  by  the  ever-present  tendency  of 
the  remote  poles  to  act  contrariwise  to  the  adjacent  ones. 

We  have  already  defined  the  dyne  as  the  unit  of  force,  and  the 
magnet  pole  of  unit  strength  is  such  a  one  that  if  placed  at  a  dis- 
tance of  one  centimetre  from  a  similar  and  equal  pole,  it  will  repel 
it  with  a  force  of  one  dyne.  Consequently,  the  strength  at  any 
point  in  any  field  can  be  determined  by  measuring,  in  dynes,  the 
repulsion  at  that  point  of  a  magnet  pole  of  unit  strength.  In 
every  case,  then,  the  force  acting  upon  a  magnet  pole  is  found  by 
multiplying  the  strength  of  the  pole  by  the  strength  or  intensity  of 
the  field  in  which  it  is  placed.  In  order  to  compare  the  strengths 
of  magnetic  fields  by|the  relative  densities  of  the  lines  of  force,  it 
is  assumed  that  a  field  of  unit  strength  contains  one  line  of  force 
per  square  centimetre. 

The  earth  itself  19  practically  a  huge  misshapen  or  irregular 
magnety  and  behaves  as  such,  acting  as  if  its  poles  were  situated 
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relatively  near,  but  actually  at  some  distance  from,  the  geographi- 
cal poles.  If  a  magnet  needle  were  suspended  so  that  it  could 
turn  freely  in  a  vertical  plane,  it  woul3,  with  a  plane  of  rotation 
east  and  west,  point  vertically  downwards  with  its  north  pole  ;  but 
if  the  plane  of  rotation  were  north  and  south,  the  needle  would, 
in  London,  come  to  rest  with  the  north-seeking  pole  dipping 
downwards,  and  making  an  angle  -  known  as  the  angle  of  inclina- 
tion or  dip— of  about  67  J*  with  the  horizon.  If  another  magnet 
were  suspended  or  balanced  on  a  pivot  in  a  horizontal  plane,  the 
needle  would  set  itself  approximately  north  and  south,  the  north- 
seeking  pole  pointing  to  the  north  magnetic  pole  of  the  earth. 
The  axis  of  the  magnet — that  is,  the  straight  line  joining  its  two 
poles— would  actually  make  an  angle — known  as  the  angle  of 
declination  of  about  I8^  with  the  geographical  meridian  passing 
through  its  centre.  It  will  be  observed  that  there  is  here  a  case 
of  attraction  between  the  north  pole  of  the  earth  and  the  north- 
seeking  pole  of  the  magnet;  but  this  is  no  contradiction  of  the  law 
that  similar  poles  repel  and  dissimilar  attract,  inasmuch  as  the 
magnetic  properties  of  the  north  pole  of  the  earth  are  in  all  respects 
the  same  as  those  of  the  south-seeking  pole  of  a  magnet  The 
earth's  total  magnetic  force  can  be  resolved  into  two  components 
at  right  angles  to  each  Qjther,  one  acting  in  a  vertical 
direction,  tending  to  depress  the  north-seeking  pole 
of  the  needle,  the  other  acting  in  a  horizontal  direc- 
tion and  striving  to  make  it  point  north  and  south. 
Their  relative  values  may  be  found  by  the  familiar 
parallelogram  of  forces  (see  fig.  49).  The  line  a  b  is 
drawn  making  an  angle  0  with  the  horizontal  equal 
to  the  angle  of  inclination,  and  the  right-angled 
parallelogram  which  has  a  B  for  a  diagonal  com- 
pleted with  its  sides  horizontal  and  vertical.  Then, 
if  A  B  represents  in  length  the  magnitude  of  the  total  magnetic 
force,  A  c  and  a  d  will  be  proportional  to  the  horizontal  and  ver- 
tical components  respectively. 

When  the  magnet  is  so  balanced  that  it  can  only  move  in  a 
horizontal  plane,  then  a  large  proportion  of  the  force — viz.  the 
vertical  component— is  simply  exerted  in  pressing  the  magnet  on 
Its  support.    The  remainder,  or  the  horizontal  component  only,  is 
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efTective  in  making  the  magnet  point  towards  the  magnetic  north 
and  south*  On  the  other  hand,  when  the  plane  of  a  dipping 
needle  is  at  right  angles  to  the  magnetic  meridian,  or  to  the  direc- 
tion of  the  earth's  lines  of  force,  the  vertical  component  only  is 
active,  and  the  magnet  points  vertically  downwards,  the  horizontal 
component  spending  its  force  in  pressing  the  pivots  against  their 
bearings,  vainly  striving  to  urge  the  needle  round  into  the  direction 
of  the' dip.  A  horizontally  balanced  magnetic  n^dle  is  useful  in 
pointing  out  the  direction  of  these  north  and  souUi  magn^c  poles 
of  the  earth. 

In  consequence  of  the  immensity  of  the  earth  as  a  magnet,  its^ 
magnetic  field  is  practically  uniform  over  any  small  ipace—that  is, 
its  lines  of  force  are  parallel  and  equidistant.   It  follows,  therefore* 
that  the  poles  of  a  needle  floating  fip.  5a 

on  water  are  attracted  or  repelled  c  ^  ^ 
with  equal  force  in  any  position, 
and,  as  a  consequence  of  this, 
the  needle  does  not  move  bodily  Af 
towards  the  north  pole  of  the 
earth,  but  is  simply  directed  so 
an  to  point  north  and  south.  It 
may  be  stated  that  it  is^a  well- 
known  law  in  mechanics  that  when  two  equal  fprces^  parallel  but 
opposite  in  direction,  act  at  the  ends  of  a  rigid  bar,  they  tend  to 
turn  it  round  its  centre.  The  turning  effect  is  greatest  when  the 
forces  act  at  right  angles  tq  the  baiv  as  do  c  and  i^  in  fig.  50,  a  b. 
being  the  rigid  bar.  The  amount  of  this  turning  effect*M  is  equ^l 
to  the  sum  of  each  of  the  two  forces  multiplied  by  its  distance 
from  the  centre  ~  that  is, 

M  Bs  Cc  xo  a)  4-  (d  X  o  B) 

whence,  c  t>emg  equai  to  d, 

M  =s  C^O  A  -ho  b)— that  IS,  M  =  C  X  A  B, 

or  the  product  of  one  of  the  equal  forpes  into  fhe  perpendicular 
distance  between  them. 

Such  a  pair  of  equal  forces  is  called  a  couple,  the  perpen- 
dicular distance  between  their  direction  being  called  the  arm  of 
the  couple  :  and  the  turning  effect,  m,  as  measyred  by  the  product 
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of  one  ot  the  forces  into  the  arm.  is  the  moment  of  the  coiipla. 
As  the  bar  turns  round  or  rotates,  the  moment  m  is  decreased,  the 
forces  being  the  same  but  acting  at  less  advantage*— in  other 
words,  the  leverage  is  reduced.  This  will  be  more  evident  from  a 
consideration  of.  iig.  51,  where  the  moment  of  the  couple  is 
c  X  A  E,  the  .new  perpendicular  between  the  forces. 

Reverting  once  more  to  the  experiment  with  the  floating 
needle^  if  we  call  the  strength  of  one  of  the  poles  of  the  needle  ///, 
and  let  h  represent  the  horizontal  <:om- 
potent  of  the  earth's  magnetic  field,  then 
the  force  acting  on  each  end  of  the  needle 
is  m>.  H.  If  we  place  the  needle  so  as  to 
point  east  and  west,  the  arm  of  the  couple 
is  equal  to  the  full  length  /  of  the  needle, 
whence  the  moment  »  »i  x  h  x  /.  This 
moment  decreases  as  the  needle  moves 
round  towards  zero,  or  that  position  in 
which  it  is  pointing  north  and  south.  The 
moment  is  then  reduced  to  nothing,  m 
becoming  *//i  x  h  x  o,  because  the  length  of 
the  arm  is  nothihg ;  consequently,  the 
needle  remains  at  rest. 

Now,  we  can  cause  any  current,  the 
strength  of  which  we  may  desire  to  measure,  to  develop  a  field  of 
strength  f^  at  right  angles  to  the  earth's  directive  force  -  that  is  to 
say,  we  can  cause  the  current  to  travel  north  and  south,  and  by 
so  doing  deflect  a  magnetic  needle  from  its  zero  position.  Then 
the  new  force  acting  oh  each  end  of  the  needle  will  be  m  xfy  where 
in  is  the  strength  of  the  magnet  pole ;  and,  the  length  of  the  arm 
being  calculated  as  before,  the  moment  will  be  m  x/  multiplied 
by  that  arm.  Manifestly,  the  needle  will  come  to  rest  when  the 
moment  of  the  couple  due  to  the  current  is  equal  to  that  duo  to 
the  earth. 

Let  the  needle  n  s  (fig.  52)  be  so  deflected  by  a  cuxrent; 
and  make  an  angle,  nod,  called  the  angle  of  deflection,  with  the 
magnetic  meridian  a  b.  This  angle  N  o  b  is,  of  course,  equal  to 
the  angle  N  s  D.  Let  this  angle  be  called  <i%  and  let  /  be  the 
strength  of  the  field  due  to  the  current,  the  direction  of  thr  action 
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of  which  is  indicated  by  the  arrows  u  h  and  kg.  d  s  is  then 
the  perpendicular  distance  between  these  directions,  whence  the 
moment  of  the  couple  due  to  th/2  current  is  m  x/x  D  s. 


Fig.  $%4 


a: 


By  similar  reasoning  it  will  be  seen  that  the  moment  of  the 
couple  due  to  the  earth  is  »i  x  h  x  n  d.  Now,  if  the  needle  has 
assumed  a  state  of  rest,  showing  that  the  moments  vof  these  two 
couples  are  equal,  it  follows,  as  a  matter  of  course,  that 

m  x/x  D  s=w  <  H  X  N  p, 
and  (by  cancelling  and  dividing) 

^  D  S 

The  ratio  ^-^  b  called  the  tangent  of  the  angle  n  s  d,  which, 
D  s 

again,  is  equal  to  the  angle  of  deflection  a*"     that  is  to  say, 
/  =s  H  tan  <i*. 

This  strength  of  fteld,/  is  proportional  to  the  current  producing 
it :  therefore  the  current  c,,  is  likewise  proportional  to  h  tan  a". 

And  this  will  be  true  of  all  currents  and  all  deflections,  so  that 
if  we  let  a  second  current,  Cj,  cause  the  needle  to  be  deflected 
through  the  angle  ^**,  then  c,  must  be  proportional  to  h  tan  ^•. 
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Consequently, 
that  is« 


Ci  :  c, ::  H  tan  a*  :  h  Un  ^% 
Ci  :  c,:;     tan  a®  :      tan  b-^ 


or  the  two  currents  are  directly  proportional  to  the  tangents  of  the 
angles  through  which  they  deflect  the  needle.  By  referring  to  a 
table  such  as  is  here  given,  we  can  find  the  numerical  value  of  the 

Table  op  Natural  Sines  and  Tangents. 
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Sine 

Tangent 

1      ^• 

Sine 

Tangent 

Deg. 

Sine 

Tangent 

X 
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tangents  of  these  or  other  angles,  and  so  can  easily,  compare  the 
strength  of  the  currents. 

An  instrument  which  will  enable  us  to  make  these  comparisons 
is  called  a  tangent  galvanometer ;  but  in  order  to  obtain  accurate 
results  one  import:^nt  point  must  be  carefully  attended  to  in 
designing  the  instrument,  for  the  foregoing  proof  only  holds  good 
when  the  two  forces  forming  a  pair  act  parallel  to  each  other  in 


ciAP.iT.  Tangent  GalvanotneUr^  99 

any  and  every  position  of  the  needle.  This  means,  in  short,  that 
the  field  due  to  the  earth,  and  that  due  to  the  current,  must  be 
uniform  throughout  the  entire  space  in  which  the  needle  can  be 
moved.  Fortunately,  we  can,  by  using  a  very  short  needle,  make 
this  space  proportionally  small,  and  thereby  render  the  problem 
easier.  The  earth's  field,  as  has  been  already  stated,  is  uniform, 
but  that  due  to  a  current  is  far  from  unifonn,  more  particularly 


in  the  immediate  vicinity  of  the  wire,  consequent  on  the  very 
decided  curvature  of  the  lines  of  force.  However,  as  we  get 
farther  away  from  the  wire,  these  lines  approximate  more  and 
more  to  straight  lines,  and  if  we  bend  the  wire  into  a  ring  of  large 
diameter  we  shall  find  a  small  space  at  its  centre  where  the  lines 
of  force  are,  to  all  intents  and  purposes,  straight  and  parallel.  In 
fig.  53  is  shown  a  horizontal  view  of  the  ring  and  of  the  distribu- 
tion of  the  lines  of  force  in  the  field.    The  two  ellipses  repre- 

ua 
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sent  the  ring  itself,  of  which  c  c  arc  the  horizontal  sections  and 
A  A  the  axis.  The  magnetic  needle  is  indicated  by  ///  m.  If  we, 
therefore,  suspend  the  small  needle  her^,  the  necessary  conditions 
for  a  tangent  galvanometer  are  satisfied ;  the  needle  being  too 
short  to  permit  of  its  poles  being  moved  into  an  irregular  or 
variable  part  of  the  field. 

With  a  ring  6  inches  in  diameter  we  can,  in  fact,  use  a  needle 
three-quarters  of  an  inch  in  lengih  without  the  risk  of  introducing 
any  sensible  error. 

Such  a  ring  of  wire,  then,  with  a  needle  suspended  at  its 
centre,  will  serve  to  compare  and  measure  current  strength  accord- 
ing to  the  law  which  we  have  just  stated,  i.e.  each  current  will  b« 
proportional  to  the  tangent  of  the  angle  through  which  it  can  de- 
flect the  needle.  When  made  in  a  practical  form,  the  tangent 
galvanometer  is  one  of  the  most  useful  pieces  of  apparatus  at  our 
command. 

It  is  important  to  notice  here  that  a  variation  in  the  strength 
of  the  magnetic  needle  will  introduce  no  error  in  the  readings  ; 
for  if,  for  instance,  a  needle  loses  its  magnetisation  or  becomes 
weak,  it  is  acted  upon  more  feebly  both  by  the  earth  and  the 
current,*  and  in  the  same  proportion,  so  that  the  weakened  effect 
of  the  earth's  field  is  balanced  by  the  equally  weakened  effect  of 
the  current's  field. 

Proceeding  now  to  a  consideration  of  the  laws  governing  the 
construction  of  the  instrument,  it  is  essential  to  remember  that 
the  force  with  which  a  current  deflects  the  needle  is  proportional 
to  the  length  of  the  wire,  and  inversely  proportional  to  the  square 
of  its  distance  from  the  needle.  But  if  wc  increase  the  size  of  the 
coil,  we  not  only  increase  the  distance  from  the  wire  to  the  needle, 
but  also  increase  the  length  of  the  wire  in  exact  proportion  to  the 
increase  of  the  radius.  Now  the  former  reduces  and  the  latter 
increases  the  effect ;  the  joint  result  is  that  the  force  with  which 
the  needle  is  deflected  varies  inversely  as  the  radius  of  the  coil  for 
the  same  current. 

If,  therefore,  we  use  one  coil  of  3  inches  radius,  and  another 
of  6  inches  radius,  the  deflection  will  be  the  same  when  the  current 
in  the  larger  coil  is  double  that  in  the  smaller. 

With,  however,  a  single  turn  of  wire  (^  inches  m  diameier,  only 
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comparatively  strong  currents  can  affect  the  needle,  and,  as  wc 
have  secHj  we  are  prohibited  from  reducing  this  diameter  for  the 
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purpose  of  obtaining  a  sensible  deflection  with  comparati^  cly  weak 
currents.  Dut'ihis  difticulty  can  be  easily  o^crconiC  for  we  can 
increase  the  length  of  the  wire,  without  increasing  the  distance 
from  the  needle,  by  the  simple  device  of  coiling  it  round  the  needle 
a  number  of  times.  Since  the  effect  on  the  needle  varies  dirc-tly 
as  the  length  of  a  wire,  and  the  length  of  a  wire  of  two  turns  is 
double  that  of  one  turn,  the  effect  on  the  needle  is  doubled  also  : 
in  other  words,  the  effect  on  the  needle  varies  directly  as  the 
number  of  turns  of  wire  in  the  coil.  It  follows  that,  with  equal 
currents,  a  6-inch  coil  of  one  turn  will  give  the  same  deflection  as 
a  12-inch  coil  of  two  turns.  • 

It  must  be  remembered,  however,  that  if  the  number  of  con- 
volutions is  increased  to  any  great  extent  the  resistance  becomes 
considerable,  and  the  very  act  of  inserting  the  galvanometer  in  a 
circuit  may  decrease  the  current  we  desire  to  measure. 

Bearing  all  these  points  in  mind,  we  will  now  consider  a  really 
practical  instrument  for  the  measurement  of  current  strength, 
selecting  for  description  the  pattern  which  is  undoubtedly  the  best 
yet  constructed — viz.  the  Post-C>flice  tangent  galvanometer.  A 
general  view  of  the  instrument  is  shown  hi  fig   54. 

The  casing  is  of  brass.  I'hc  mean  diameter  of  the  coil  is 
6(  inches  ;  the  width  of  the  channel  \\\  the  brass  ring  which  con- 
tains the  wire  }s  ^^  inch,  and  its  depth  J  inch.  The  length  of  the' 
needle,  which  is  carefully  pivoted  with  agate  on  an  iridium  point, 
is  \  inch. 

As  this  needle  is  too  short  to  indicate  its  own  deflections,  it 
carries  a  light  pointer  of  gilt  copper  wire,  about  5  inches  in  length, 
fastened  to  it  at  right  angles.  This  pointer  moves  over  an  en- 
graved circular  scale  plate,  one  half  of  which  is  divided  in  degrees, 
the  other  half  into  divisions  corresponding  to  the  tangents  of  those^ 
degrees,  as  shown  in  fig.  55. 

It  may  be  of  service  to  some  if  we  refer  here  to  the  manner  in 
which  this  tangent  scale  is  constructed. 

Let  the  quadrant  o  l  (fig.  56),  represent  a  portion  of  the  circle 
along  which  the  scale  is  to  be  marked,  and  let  c  o  be  the  radius 
along  which  the  index  needle  is  to  point  when  at  rest  and  when 
no  current  is  circulating  through  the  coil  of  the  instrument.  Then 
draw  the  tangent  line,  o  d,  that  is  to  say,  a  line  at  right  angles  to 
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o  c,  meeting  it  in  o.  Then  mark  off  along  o  n  any  number  of 
equal  divisions,  and  project  lines  from  those  points  or  divisions  to 
«%  the  centre  of  the  circle,  intersecting  the  quadrant  at  various 

Fig.  55. 


places.  These  points  of  intersection  will  then  correspond  to  the 
equal  divisions  along  o  d,  and  will  be  proportional  to  the  tangents 
of  the  various  angles  which  would  be  measured  at  those  inter- 


i 


sections.  This  device  saves  the  operator  the  trouble  of  ascertain- 
ing from  a  table  the  '  tangent '  equivalents  to  the  various  deflections 
and  then  calculating  their  relative  values. 

A  piece  of  looking-glass  is  placed  under  the  scale-plate  and  is 
exposed  at  two  circular,  slots  in  the  ;.^Ute,  %f\,  A^  'n  takin/^  a 
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reading  the  observer  may  let  the  pointer  cover  its  own  reflection, 
when  he  will  be  assured  that  he  is  looking  vertically  down  upon  it, 
avoiding  thereby  any  error  due  to  parallax— that  is  to  say,  any 
inaccuracy  in  reading  caused  by  looking  at  the  pointer  sideways. 
A  lever,  operated  by  a  small  switch  extending  through  the  box 
which  carries  the  needle  and  scales,  is  provided  for  lifting  the 
needle  off  its  pivot  when  not  in  use.  There  is  also  a  small 
adjustable  magnet  which  slides  on  a  brass  rod  over  the  needle, 
and  is  used  for  varying  the  sensibility  of  the  instrument  This 
may  appear  to  be  a  step  backwards  from  the  beautifully  simple 
thesis  upon  which  the  instrument  is  constructed.  If  there  were 
no  good  reason  for  introducing  this  '  controlling '  magnet  to  vary 
the  sensibility  of  the  instrument,  the  wisdom  of  its  introduction 
would  be  questionable.  But  it  must  be  remembered  that  there 
are  several  hundreds  of  these  instruments  in  use  throughout  the 
country,  and  if  it  is  known  that  a  reading  of  twenty-five  divisions 
corresponds  in  every  case  to  a  current  of  i  milliampere,  the 
direct  value  of  any  other  reading  can  be  confidently  estimated. 
The  controlling  magnet,  when  placed  with  its  S.  pole  over  the  N, 
pole  of  the  needle,  assists  the  directive  force  of  the  earth's  magnetism 
and  reduces  the  sensibility,  and  vice  versd.  Either  effect  may  be 
varied  by  sliding  the  magnet  up  or  down  the  rod.  For  instance, 
the  needle  will  move  from  zero  with  the  weakest  current  when  the 
magnet  is  placed  at  the  bottom  of  the  rod  with  its  poles  opposing 
the  earth's  magnetism. 

A  reference  to  fig.  57  will  make  the  conception  of  the 
electrical  portion  of  the  instrument  easier.  There  are  three  sepa- 
rate coils  of  wire  in  the  brass  ring,  or  bobbin,  the  ends  of  each 
being  brought  down  through  the  hollow  pillar  and  connected 
under  the  base  of  the  instrument  to  their  respective  terminal 
screws,  as  shown  in  plan  on  the  figure.  Between  the  terminals  c 
and  D  is  a  coil  consisting  of  three  turns  of  thick  wire  ;  between  d 
and  E  are  twelve  turns  of  similar  wire,  wound  in  the  opposite 
direction.  If  the  current  be  sent  from  c  to  e,  we  get  nine  turns 
acting  on  the  needle,  for  three  of  the  twelve  turns  are  neutralised 
by  the  three  in  the  opposite  direction  between  c  and  d.  The 
resistance  of  these  coils  is  negligibly  low,  so  that  we  are  able 
to  get  the  eflfect  from  three,  nine,  or  twelve  turns  without  varying 
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the  strength  of  the  current  The  other  coil  consists  of  a  great 
many  turns  of  fine  silk-covered  wire.  Its  resistance  is  exactly 
330  ohms.  One  end  of  it  is  joined  to  terminal  B,  and  the  other 
end  to  the  middle  brass  block.     By  inserting  a  brass  plug  in  the 

Fic.  57. 


left-hand  hole,  the  end  of  the  coil  attached  to  the  middle  block  is 
connected  to  terminal  a  direct.  If,  however,  this  plug  is  removed, 
the  current  in  travelling,  say,  from  it,  has  to  [)ass  through  an 
additional  resistance  coil  of  750  ohms  (which  is  fixed  under  the 
base  of  the  instrument)  before  it  reaches  terminal  A.  Under  these 
circumstances  the  total  resistance  between  a  and  b  is  1,070  ohms. 
Suppose  now  a  single  DanicU  cell,  whose  resistance  is  compara- 
tively low,  to  be  joined  to  terminals  a  and  b.     Hy  ()hm*s  law  the 

current  is  equal  to  -  -'— -  -.,   or  '00 1  ampere — that  is,  i  milli- 
1,070  ohms 

ampere. 

These  resistances  arc,  in  fact,  calculated  for  use  with  a  single 

Daniell  cell  as  a  standard.     We  can  always  immediately  produce 

a  deflection  which  we  know  to   be   that    due    to   i    milliampere 

of  current,  and  find  the  value  of  any  other  current  by  observing 

its  deflection  under  similar  conditions.     A  small  key  is  fixed  on 

the  base  of  the  instrument  ;  when  depressed  it  connects  a  and  c 
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as  will  be  seen  from  fig.  57,  or,  in  the  usual  language,  it  short*' 
circuits  the  coils.  It  is  used  for  checking  the  oscillations  of  the 
needle  and  bringing  it  quickly  to  rest. 

It  is  sometimes  required  to  measure  a  current  so  strong  that 
the  deflection  is  inconveniently  high^  In  this  case  a  part  of  the 
current  may  be  '  shunted/  or  provided  with  an  alternative  path, 
or,  more  correctly  speaking,  a  by-path,  so  that  only  a  portion  of 
the  current  shall  go  through  the  galvanometer,  the  rest  going 
tl^rough  the  shunt  It  is  necessary,  however,  to  know  exactly 
what  fraction  of  the  total  current  is  passing  through  the  instru- 
ment  and  what  through  the  shunt  If  we  join  the  ends  of  the  coil 
by  a  shunt  equal  to  It  in  resistance,  then  the  current  will  divide 
equally  between  the  two  paths,  and  only  half  of  the  total  current 
will  be  measured.  If  the  resistance  of  the  shunt  be  |  that  of 
the  galvanometei^  then  -f^  of  the  current  will  pass  through  the 
shunt  and  the  other  tenth  through  the  galvanometer.  In  this 
case,  therefore,  the  total  current  will  be  ten  times  that  measured 
by  the  deflection  of  the  needle. 

The  instrument  we  are  now  describing  is  provided  with  such  a 
shunt ;  its  resistance  is  ^|^  ohms,  and  fig.  57  clearly  shows  how  it 
may  be  brought  into  play  by  inserting  a  plug  in  the  right-hand 
hole,  thus  connecting  together  the  middle  and  right-hand  blocks. 
Sxlppose,  when  the  adjustment  is  such  that  i  milliampere  gives 
Iwenty-seven  tangent  divisions,  that  we  msert  this  tenth  shunt, 
and  then  with  a  current  of  unkn9wn  strength  obtain  eighty-one 
divisions.  The  current  flowing  round  the  galvanometer  is  mani- 
festly 3  milliamperes,  but  this  is  only  ^^  of  the  whole,  consequently 
the  total  current  is  30  milliamperes. 

In  order  to  reduce  the  current  flowing  through  a  galvanometer 

to  any  fraction  of  its  fall  value,  say,  to  ' ,  the  resistance  of  the  shunt 

necessary  to  produce  that  result  must  be  — —  that  of  the  gal- 
vanometer. A  moment's  reflection,  however,  will  make  it  evident 
that  the  introduction  of  a  shunt  reduces  the  resistance  of  the  circuit, 
and  may,  therefore,  cause  a  considerable  and  material  increase  in 
the  current  strength.  Where  this  increase  of  strength  is  appre- 
ciable, the  introduction  of  extra  resistance  sufficient  to  compensate 
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for  the  fall  caused  by  the  shunting  becomes  necessary,  the  problem 
being  to  ascertain  exactly  how  much  compensating  resistance  is 
required.  By  the  laws  of  the  joint  resistance  of  two  parallel  wires, 
explained  in  Chapter  II ,  the  joint  resistance  of  the  galvanometer, 

G,  and  tbe  shunt,  s,  will  be  equal  to .     Now,  the  resistance 

o  +  s 

of  s  has  just  been  shown  to  be  — —  part  of  c,  or  -  ^    ,  that  is, 

if  only/  a  tenth  of  the  current  is  to  pass  through  the  galvanometer, 

the  shunt  resistance  should  be  — ^ —  part  of  the  galvanometer 

lO  —  I 

resistance  G.  That  is  to  say,  s  s=  ^  ,  and  inserting  this  value 
we  get— 


GS  «  -  I 


which  is  equal  to  -« 
n 

So  that  the  joint  resistance  of  a  galvanometer  coil  of  320  ohms 

and  its  tenUi  shunt  will  be  ®  =  ^*^  =  32,  whence  it  follows  that 

«        10 

the  reduction  in  resistance  due  to  the  use  of  the  shunt  amounts 

to  G ,  or  320  —  32  =  288.     288  ohms  is,  therefore,   in  this 

ft 

case  the  resistance  that  it  would  become  necessary  to  introduce  in 
order  to  restore  the  resistance  ot  the  circuit  to  the  same  value 
that  it  had  prior  to  the  introduction  of  the  shunt  And,  generally, 
it  may  be  said  that  the  introduction  of  a  shunt  reduces  the  resist- 
ance of  the  circuit  to  the  extent  of  ^LzJL  g,  and  that  amount  of 

n 

resistance  will  need  to  be  inserted  to  re-establish  the  conditions 
of  the  circuit.  In  short,  this  compensating  resistance  is  equal  to 
the  difference  between  the  resistance  of  the  galvanometer  alone 
and  of  the  galvanometer  shunted. 

When  great  accuracy  is  desired,  all  the  readings  on  the  tangent 
galvanometer  should  be  taken  with  the  needle  deflected  as  nearly 
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as  possible  through  an  angle  of  45".  The  reason  for  this  is,  that 
any  given  variation  in  the  strength  of  the  current  will  produce  a 
greater  effect  on  the  needle  when  it  is  in  that  position  than  when 
in  any  other,  or,  in  other  words,  the  sensitiveness  of  the  instru- 
ment is  then  at  its  maxijiium.  For  instance,  if,  when  the  needle 
were  deflected  through  45^'an  increase  of  the  current  by  one- 
twentieth  gave  an  increase  of  half  a  degree  in  the  deflection,  a 
similar  increase  in  the  current  when  the  needle  stood  at  10®  or  8o* 
would  not  be  indicated  at  all,  or  rather,  the  deviation  would  not 
be  discernible. 

Every  galvanometer  has  a  definite  angle  of  maximum  sensitive- 
nessy  or  such  an  angle  of  deflection  that  with  a  small  accretion  of 
current  there  will  be  a  larger  divergence  than  when  the  needle  is 
at  any  other  point  on  the  scale.  The  mathematical  demonstration 
of  the  existence  of  this  angle  would  be  somewhat  beside  the  scope 
of  this  work,  but  we  may  repeat  that  for  every  tangent  galvanometer 
the  angle  of  maximum  sensitiveness  is  45'.  AVc 'should  always 
endeavour,  therefore,  when  using  this  instrument  to  get  the  de- 
flection as  near  45''  as  possible,  or  when  comparing  two  currents 
get  the  deflections  at  equal  distances  on  either  side  of  this  point. 
It  has  already  been  pointed  out  that  it  is  very  convenient,  we 
would  say  more,  it  is  necessary,  in  practice  to  be  able  to  determine 
immediately  the  value  in  amperes  or  milliampcrcs,  to  which  some 
particular  deflection  of  the  needle  corresponds,  and  it  will  be 
remembered  that  with  a  Daniell  cell  as  a  standard  a  current  of 
I  milliampere  may  Ix:  immediately  produced. 

The  Latimer-Clark  cell  is  less  liable  to  variation  and  is  much 
more  trustworthy  than  the  Daniell  when  used  with  a  very  high 
external  resistance.  Although,  in  order  to  obtain  the  most  accu- 
rate results,  this  cell  should  only  be  employed  in  those  tests 
where  it  is  not  allowed  to  send  any  current  at  all,  its  portability 
and  the  fact  that  it  is  always  ready  and  in  good  order  are  such 
important  ad\antagcb  that  it  is  frequently  used  in  such  a  test  as 
the  preceding,  under  comlilioni  which,  perhaps,  render  it  no 
more  accurate  than  the  Daniell.  Its  resistance,  which  is  as  a  rule 
considerable,  should  be  known,  and,  by  using  an  extra  coil,  the 
rc!iibtance  in  circuit  can  then  be  made  1,435  ohms.  The  electro- 
motive  force  of  one  of  these  cells  being   1435  volt,  it  follow's 
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that  through  the  resistance  of  1,435  ol^»i^s  it  will  yield  a  current 
of  exactly  i  milliampcrc,  or, 

Li^  =  -ooi  ampere. 
1.435 

Hie  foregoing  applies  to  a  galvanometer  with  a  tangent  scale 
constructed  so  that  its  zero  point  is  \r\  the  centre,  a.s  i.s  the  case 
with  the  inner  scale  ,^11  the  tangent  divisions  side  in  fig.  55.  But 
it  will  be  seen  that  in  this  figure  there  is  an  outer  scale  also  of 
tangent  divisions,  but  with  the  :^ro  point  at  the  extreme  left- hand, 
where  the  pointer  is  shown  resting.  This  outer  scale  is  known  as 
the  '  skew  scale,'  from  the  position  of  the  needle  when  at  zero, 
and  its  great  advantage  lies  in  the  fact  that  the  range  of  measure- 
ment is  double  that  of  the  ordinary  scale.  For  a  comparatively 
high  reading,  also,  the  deflection  can  be  read  mth  greater  ease  as 
the  pointer  is  not  in  the  part  of  the  scale  where  the  divisions  are 
close  tpgether.  It  is  true  that  a  small  deflection  cannot  easily  be 
read,  but  the  ordinary  scale  can  be  employed  for  this  if  necessary. 

Unfortunately,  the  tangent  galvanometer  is  but  little  suited  for 
the  measurement  of  very  powerful  currents  such  as  those  gene- 
rally employed  in  electric  lighting.  We  must,  therefore,  now  direct 
attention  to  an  instrument  which  will  answer  this  purpose,  and 
one  which  is  beautifully  simple  in  its  conception,  and  at  the  same 
time  remarkably  accurate  and  free  from  error.  It  is  based  upon 
the  simple  experiment  mentioned  at  the  commencement  of  this 
chapter,  viz.,  the  attraction  or  repulsion  which  takes  place  between 
two  wires  carrying  currents.  It  may  now  be  stated  that  the  force 
of  this  attraction  or  repulsion  is  readily  measurable,  being,  in  fact, 
proportional  to  the  strength  of  one  current  multiplied  by  the 
strength  of  the  other,  provided  that  the  distance  between  the  two 
wires  remains  constant.  If  we  suppose  the  currents  in  each  of  the 
wires  to  be  exactly  equal,  say  2  amperes,  then  the  force  may  be 
represented  by  the  number  2x2  =  4.  Now  if  we  double  the 
current  strength  in  each  wire,  the  force  of  attraction  or  repul- 
sion will  be  4  X  4  =  16  ;  in  other  words,  when  the  current 
strength  in  C3ch  is  doubled,  the  force  between  them  is  quadrupled. 
Similarly,  if  we  treble  the  current  in  each  wire,  or  make  it 
6  amperes,  then  the  mutual  force  will  be  6  x  6  b  36,  or  nine 
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times  as  great  as  when  the  current  was  2  amperes.  We  there- 
fore scclhat  the  force  of  attraction  or  repulsion  between  two  wires 
carrying  equal  currents  varies  as  the  square  of  the  "current  strength. 
It  will  be  apparent  that  the  simplest  method  of  obtaining  equal 
currents  in  each  wire  Is  to  join  them  in  series,  and  send  the  same 
current  through  both  of  them  in  succession.  Then,  if  any  number 
of  currents  be  sent  through  them,  the  force  of  the  action  be- 
tween the  wires  will  be  proportional  to  the  square  of  the  strength  of 
the  current  in  each  case,  whence  it  may  be  reasoned  that  if  these 
forces  can  be  measured  or  compared,  the  currents  producing  them 
can  also  be  estimated  ;  for  as  the  force  varies  as  the  square  of  the 
current,  the  current  will  vary  as  the  square  root  of  the  force 
exerted  by  it 

In  constructing  an  instrument  on  this  principle^  it  is  necessary, 
therefore,  to  have  some  means  of  accurately  measuring  the  force 
exerted,  and  also  to  ensure  that  the  distance  between  the  iKidrcs 
remains  exactly  the  same  during  all  the  comparisons. 

The  Siemens  dynamometer  fulfils  all  these  conditions  to  the 
letter.  A  general  view  of  this  instrument  is  given  in  fig.  58, 
fig.  59  showing  the  manner  in  which  the  principle  is  applied. 
The  two  wires  (or  coils)  are  rectangular  in  shape.  One  of  them, 
A  B  c  D,  is  rigidly  fixed  to  a  vertical  sup])ort,  while  the  other, 
E  F  G  H,  which  is  sufficiently  large  to  .embrace  the  fixed  wire, 
when  the  plane  of  the  one  is  at  right  angles  to  that  of  the  other, 
is  suspended  by  a  stout  silk  thread. 

In  the  actual  instrument  this  movable  coil  consists  of  a  sin^»le 
turn  o£  thick  wire  ;  and  in  order  that  the  current  may  be  pas*»c*d 
through  it,  without  in  any  way  imixjdinj;  or  interfering  with  its 
freedom  of  motion,  its  two  ends,  g  and  h,  are  brought  round  and 
'  bent  down  into  mercury  cups  placed  vertically  one  over  the  other, 
so  that  the  two  ends  And  the  point  of  suspension,  k,  are  in  the 
same  vertical  line. 

Connection  with  the  mercury  is  made  by  a  wire  passing  in  at 
the  bottom  of  the  cup.  The  arrows  in  fig.  59  show  the  direction 
of  the  current  in  the  various  parts  of  the  circuit,  when  a  ciurcnt  is 
sent  through  both  coils  in  series,  and  it  is  easy  to  see  that  each 
vertical  limb  of  the  movable  coil  will  be  urged,  by  repulsion  on 
one  side  and  attraction  on  the  other,  to  set  itself  in  the  »ame 
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plane  as  the  fixed  coil.  But  it  has  already  been  said  that  it  is 
ess^Qtidl  that  the  coils  should  remain  or  b^.  brought  back  into  the 
same  relative  positions  when  the  force  between  them 'is  measured 
In  the  Siemens  dynamometer,  the  position  selected  is  ilirith  the 
planes  of  the  two  coils  at  right  angles  ;  and  the  force  measured  is 
that  force  which  is  necessary  to  keep  the  movable  coil  in  this 
position  against  the  action  of  the  current 

This  antagonistic  force  is  applied  by  means  of  a  spiral  spring,  s,* 
the  lower  end  pf  which  is  rigidly  fixed  to  the  rectangle  b  ^  g  h  ; 
while  its  upper  end  is  fixed  to 'a  mill-headed  screw,  which  can  be 

turned  round,  torsion  being 
thereby  applied  to  the  spiral 
spring.  A  pointer  is  at- 
tached to  the  screw-head 
and  moves  with  it,  and 
travelling  over  a  graduated 
scale,  divided  usually  into 
400  equal  divisions  instead 
of  360  degrees,  indicates  the 
amount  of  torsion  applied 
to  the  spiral  spring  in  bring- 
ing the  coil  E  F  G  H  back  to 
the  zero  position,  against  the 
opposing  force  due  to  the 
current  circulating  in  the 
coils.  It  is  a  simple  and 
well-known  law  that  Uie  force 
of  torsion  is  proportional  to 
the  angle  of  torsion,  and  -as 
the  angle  through  which  the 
screw  is  turned  in  order  to 
keep  the  movaoie  rectangle  at  zero  is  an  exact  measure  of  the  torsion 
applied,  the  force  necessary  to  the  production  of  that  angle  must 
be  proportional  to  the  force  acting  between  the  two  coils,  and  due  to 
the  current  circulating  in  them.  This  latter  force  varies,  as  we  have* 
seen,  as  the  square  of  the  current  strength,  so*  that,  therefore,  the 
current  is  proportional  to  the  square  root  of  the  angle  of  torsion. 
The  movable  coil  also  carries  a  pointer,  the  end  of  which  just  over- 
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laps  the  scale-card  and  plays  betweetl  two  pixTs  about  half  an  inch 
apart  When  it  points  to  zero,  the  two  coils  are  accurately .  at 
right  angles  one  to  the  other. 

The  instrument  has  usually  two  separate  and  distinct  fixed 
coils  ;  one  consisting  of  a  few  turns  of  thick  wire,  and  the  other 
of  a  larger  number  p(  turns  of  thinner,  wire.  The  object  of  this 
arrangement  is* to  facilitate  the  measuring  of  currents  differing  very 
considerably  in  strength,  and  so  to  incrq^is^  the  available  range  of 
the  instrument.  One  end  of  the  thin- wire*  coil  is  joined  to  the 
left-hand  terminal  screw  (fig.  58),  and  one  end  of  the  thick-wire 
coil  to  the  right-hand  screw.  The  other  two  ends  are  connected 
to  the  upper  mercury  cup,  while  the  lower  cup  is  joined  to  the 
middle  terminal  screw. 

For  a  very  strong  current,' then,  the  centre  and  right-hand  termi- 
nals, giving  the  thick- wire  and  movable'coils,  should  be  used  ;  while 
for  a  weaker  one,  the  centre  and  Jcft-hand  terminals,  between 
which  are  the  thin-wire  and  movable  coils,  should  be  employed 

On  account  of  the  operation  of  the  law  of  the  square,  a  more 
accurate  reading  can  be  obtained  in  the  higher  part  of  the  scale 
than  in  the  lower,  and  it  is  therefore,  where  possible,  more  advan- 
tageous to  use  the  thin-wipc  coil  for  such  currents  as  would  give 
only  a  low  reading  with  the  thick-wire  coil. 

•  Three  levelling  screws  and  a  lev^l  are  provided,  it  being  abso- 
lutely essential  that  the  coils  should  be  exactly  perpendicular.  The 
movable  rectangle  can  be  raised  or  lowered  by  means  of  the  thread 
which  is  attached  tO'a  screw  at  the  top  of  the  instrument,  until  it 
moves  quite  freely  and  makes  good  contact  with  the  piercury.  It 
is  difficult  to  replace  this  silk  thread  quickly,  and  this' constitutes 
a  weak  point  in -the  instrument,  for  an  inexperienced,  operator  fre- 
quently commences  his  experiment  by  breaking  it 

The  instrument  rcq.uires  calibration,  that  is  to  say,  it  is  neces- 
sary to  find  out  to  what  current  strength  a  certain  amount  6f  torsion 
is  equivalent,  before  any  unknown  current  .can  be  measured  in 
amperes.  This  calibration  may  be  cflcctcd  by  deflecting  the 
rectangle  by  a  current  of  known  strength,  and  then  by  turning  the 
milled* head  attached  to  the  upix:r  end  of  the  spiral  spring,  apply, 
ing  just  sufficient  torsion  to  restore  the  pointer  attached  to  the 
rectangle  to  the  zero. position,     Supixjsc  the  current  tcbc  one 
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ampere  and  the  torsion  a|>plied  16  divisions.  Then  if  a  current 
of  onknown  strength  be  sent  through  the  same  coil,  and  it  is 
necessary  to  apply  64  divisions  of  torsion  to  bring  the  rectangle 
back  to  zero,  the  latter  current  will  be  a  amperes  strength ;  for 

Cj  :  c,  ::  >/i6  :  ^^64, 

that  is  as  4  is  to  8,  or  as  i  is  to  2. 

In  practice  such  calculations  would-be  exceedingly  inconve- 
nient; the  makers,  therefore,  calibrate  the  instrument  or  deter- 
mine what  strength  of  current  corresponds  to  the  various  angles 
of  torsion,  both  for  the  thin-  and  thick-wire  coils.  These  results 
are  tabulated  in  a  convenient  form  and  supplied  with  the  instru- 
ment 

On  referring  to  fig.  59  it  will  be  observed  that,  if  the  current  is 
reversed,  the  rectangle  will  still  be  deflected  in  the  same  direction, 
because,  the  direction  ol  tlic  current  in  all  the  sections  being 
altered,  attraction  or  repulsion  will  take  place  between  the  same 
limbs  as  before. 

The  instrument  can  therefore  be  used  to  compare  either 
positive  or  negative  direct  currents,  or  even  alternating  currents 
—ie^  those  whose  direction  is  rapidly  reversed.  The  pointer 
attached  to  the  screw-head  should  always  stand  at  zero  when  the 
instrument  is  not  in  use,  otherwise  the  spiral  spring  will  take  up  a 
set  and  will  not  bring  the  rectangle  to  zero  when  the  pointer  is 
brought  there.  The  spring  will,  however,  gradually  recover  from 
any  such  set  if  it  be  not  excessive. 

The  Siemens  dynamometer  is  a  very  accurate  instrument  when 
used  with  ordinary  care,  but  every  measurement  occupies  a  certain 
amount  of  time,  for  in  every  case  the  rectangle  has  to  }je  brought 
back  exactly  to  zero,  the  amount  of  torsion  noted,  and  then  the 
table  referred  to,  to  ascertain  the  current  strength  to  which  this 
torsion  corresponds.  It  is  evident  that  an  instrument  which 
immediately  indicates  in  amperes  the  strength  of  the  current 
flowing  is  far  more  convenient  to  use,  although,  unfortunatel}% 
a  direct-reading  instrument  has  not  yet  been  designed  which  may 
be  relied  upon  for  any  length  of  time  to  be  as  accurate  as  the 
Siemens  dynamometer. 

For  portability  and  the  rapidity  with  which  measurements  may 
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be  taken,  Ayrton  and  Perry's  ammeter  (or  ampcrc-mcter)  stands 
in  the  front  rank. 

It  is  based  upon  the  fact,  that  a  piece  of  soft  iron  placed  in 
a  magnetic  field  which  is  not  uniform,  will  be  urged  from  a  com- 
paratively weak  into  the  strongest  part  of  the  field.  One  way  of 
viewing  the  action  is  to  consider  the  iron,  m  (fig.  60),  as  a  magnet 
for  the  time  being,  and 
then  if  the  field  be  gene- 
rated by  a  current  circulat- 
ing round  a  helix  of  wire, 
H  H,  and  the  iron  is  placed 
juivt  outside  the  hcli.K,  it 
wCl  be  sucked  down  until 
it  reaches  the  middle  ot 
the  bclix,  which  is  the 
strongest  part  of  the  field. 
Now,  this  action  will  be 
proportional  to  the  pro- 
duct of  the  strength  of  the 
field  and  the  strength  of 
the  temporary  magnet ;  as 
the  latter  varies  with  the 
strength  of  the  field,  but 
not  accbrding  to  any  regu- 
lar law,  the  readings  will 
not  be  proportional  to  the 
current  strength  unless  by  some  means  the  strength  of  this  temporary 
magnet  is  kept  constant.  Experiment  shows  that  although  the 
magnetic  lines  of  force  pass  teadily  through  a  piece  of  iron  when 
there  are  very  few  lines  already  there,  yet,  when  a  great  many  are 
present,  any  further  addition  \o  their  number  becomes  very 
dilficult.  AVhen  in  this  latter  condition  the  iron  is  said  to  be 
*  saturated.'  A  piece  of  very  thin  soft  iron  tubing  becomes 
saturated  even  in  a  weak  field,  that  is,  in  a  field  traversed  by  but 
few  lines  of  force  ;  so  that  beyond  a  certain  stage,  although  the 
strength  of  the  field  is  .increased,  the  number  of  lines  of  force 
passing  through  the  iron  tubing,  that  is,  its  strength  considered  as 
a  magnet,  remains .  practically  the  same.     Therefore,  if  we  use  a 
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very  thin  tube  of  soft  iron,  the  force  with  which  it  is  sucked  into 
the  helix  will,  for  all  fields  above  a  certain  strength,  depend  simply 
upon  the  strength  of  the  field  and  will  be  proportional  thereto, 
and  consequently,  also  proportional  to  the  strength  of  the  current 
producing  the  field. 

Except  for  weak  currents,  then,  we  may  estimate  the  strength 
of  a  current  by  measuring  the  puU  on  such  a  thin  tube  of  iron 
placed  partly  inside  a  helix.  It  must  not  be  placed  exactly  in  the 
middle  of  title  coil,  as  that,  being  the  strongest  part  of  the  field,  is 
the  position  of  rest  for  the  iron. 

In  the  instrument  under  consideration  the  method  of  measur- 
ing the  pull  is  unique.  It  depends  upon  a  peculiar  property 
possessed  by  a  flat  spiral  spring  shaped  like 
a  curled-up  shaving,  as  iUustrated  in  fig.  6i. 
If  such  a  spring  be  stretched  while  one  end 
of  it  is  fixed,  the  other  end  will  rotate,  and 
the  angle  of  rotation  will  be  exactly  propor- 
tional to  the  amount  of  stretching,  the  angle 
being  considerable  for  a  smaU  extension  of 
the  spring.  A  reference  to  fig.  62  will  show 
how  these  principles  are  combined  in  the 
actual  instrument 

The  helix  fills  the  space  marked  ww, 
and  is  composed  of  stout  wire  offering  little 
resistance,  so  that  its  introduction  into  a 
circuit  does  not  diminish  the  current  flowing 
therein,  t  is  the  thin  tube  of  soft  iron  which 
is  sucked  down  more  or  less  by  the  current, 
its  lateral  movement  being  prevented  by  two 
small  brass  pins,  p  and  /.  The  former  is 
fixed  to  a  small  piece  of  brass,  c,  which  is 
fastened  to  the  bottom  of  the  soft  iron  tube.  The  spiral  spring 
is  placed  inside  this  tube,  its  lower  end  being  rigidly  fixed  to 
c  and  its  upper  end  to  the  brass  pin  /.  As  /  is  also  rigidly 
connected  to  the  screw-head,  h,  the  upper  end  of  the  spring 
cannot  rotate,  therefore  when  the  tube  t  is  sucked  down  the 
lower  end  of  the  spring  rotates,  carrying  with  it  the  tube.  The 
upper  end  of  the  tube  which  projects  out  of  the  coil  carries  a 
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pointer  which  moves  over  a  graduated  scale,  and  so  indicates  the 
angle  of  rotation,  the  usual  horizontal  mirror  being  provided  to 
avoid  parallax.  The  scale  is  divided  into  equal  divisions  repre- 
senting* amperes  and  fmctions  of  an  ampere,  but  as  the  iron  does 
not  become  saturated  until  the  -current  has  attained  a  certain 
stren|^.h,  the  first  portion  of  the  scale  is  never  used,  and  is,  in  fact, 
not  graduated,  for,  as  has  been  explained,  the  indications  at  this 
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Stage  are  not  proportional  to  the  current  strength.  It  is  clear  that 
if  the  iron  tube  moved  through  any  considerable  distance  so  as  te 
^et  into  a  part  of  the  field  of  different  strength,  the  readings  would 
not  be  proportional ;  but  it  will  be  remembered  that  the  peculiarity 
of  the  spring  is  that  the  angle  of  rotation  is  great  for  a  very  small 
•extension  in  length,  consequently  the  pointer  traverses  the  whole 
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range  wittiout  the  distance  through  which  the  iron  moves  being 
sufficient  to  cause  inaccuracy.  The  instrument  is  calibrated  by 
the  maker,  similar  scale-cards  having  equal  divisions  being  used 
(for  all  instruments  of  the  same  range,  and  the  adjustment  efiected 
|by  shifting  a  small  auxiliary  coil.  When  a  current  is  sent  through 
the  instrument  the  pointer  indicates  at  once  the  number  of  amperes 
'of  current  flowing,  thus  avoiding  calculation  or  reference  to  a  table 
Occasionally,  however,  comparison  should  be  made  with  some 
reliable  standard,  such  as  a  Siemens  dynamometer,  for  the  in- 
strument is  liable  to  variation  after  continued  u?e. 

The  pointer  moves  in  the  same  direction,  no  matter  in  what 
direction  the  current  is  sent  through  the  coils,  because  the  mag- 
Mti5ni''of  jyhe^iron  tube  is  also  reversed.    .There  is  a  possibility 


here  of  an  error  bemg^causedTby'the  refentivity  of  the'  iron,  but 
as  it  is  so  thin  and  soft  its  magnetism  is  readily  "completely 
reversed,  and  no  error  is  introduced  from  this  cause.  In  order  to 
indicate  the  direction  of  the  current  a  small  magnetic  needle  is 
usually  fitted  in  the  base-board,  and  its  blue-coloured  end  points 
towards  the  terminal  screw  at  which  die  current  enters.  The 
pointer  can  be  adjusted  to  zero  by  turning  the  milled  head  h. 
The  coils  and  tube  arc  surrounded  by  an  iron  casing,  which,  as 
will  be  explained  hereafter,  prevents  any  external  currents  or 
magnets  affecting  the  tube  and  so  causing  inaccuracy  in  the 
readings. 

Sir  William  Thomspn  has  designed  several  forms  of  current- 
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measuring  instruments,  one  of  the  best  being  that  illustrated  in 
fig.  (i7^^  and  known  as  the  graded  ammeter.  It  may  be  regarded 
as  a  form  of  tangent  galvanometer,  the  coil-ring,  w,  consisting  of 
one  or  more  turns  of  stout  copper  wire  or  ribbon.  The  magnetic 
needle  is  very  small  and  delicately  balanced,  and  carries  a  long  light 
pointer  which  travels  over  a  scale  in  the  bottom  of  the  sector- 
shaped  case  or  box.  A  controlling  magnet,  m,  semicircular  in 
shape,  is  fixed  to  this  box,  which  slides  in  a  Y-groove  in  the  base  oft 
the  instrument.  This  magnet  is  somewhat  powerful,  sufficiently 
so,  in  fact,  to  overpower  the  effects  of  terrestrial  magnetism, 
whence,  the  magnet  moving  with  the  needle,  a  practically  constant 
field  is  maintained  in  any  and  every  position  in  which  the  instru* 
ment  may  be  placed. 

When  in  the  zero  position  the  needle,  coil,  and  magnet  are  in 
the  same  vertical  plane.  A  scale  is  let  into  the  base,  along  the 
edge  of  the  groove,  to  facilitate  the  necessary  calculations.  The 
object  aimed  at  in  this  method  of  construction  is  to  provide  an 
instrument  capable  of  measuring  current  strengths  of  considerable 
difference,  for  it  is  evident  that  as  the  needle  is  withdrawn  from 
the  plane  of  the  coil  the  effect  of  a  given  current  upon  it 
diminishes  rapidly.  The  relative  effect  of  a  current  upon  the 
needle  at  different  distances  from  the  coil  is  proportional  to  the 
cube  of  the  radius  of  the  coil  divided  by  the  cube  of  the  distance 

between  the  needle  and  the  wire  itself,  that  is,  as    - ,  where  r  is 

tr 

the  mean  radius  and  b  the  mean  distance  between  the  wire  of  the 

coil  and  the  needle.     This  distance,  b^  is  the  hypotenuse  of  a 

right-angled  triangle,  whose  base,  a^  is  the  axial  distance  between 

the  needle  and  the  plane  of  the  coil,  the  perpendicular  being  the 

mean  radius,  r.    These  latter  distances  are  more  easily  measured 

than  b^  and  we  mav  write  the  expression        as 


Apparatus  of  this  class  cannot  be  used  in  the  neighb^irhood 
of  dynamos  or  other  large  masses  of  moving  iron,  although  it  is 
often  used  in  the  laboratory.  One  great  objection  to  it  is  the 
tedious  calculation  which  has  to  be  made  for  every  reading.  The 
controlling  magnet  is  another  source  of  trouble  in  consequence  of 
its  liability  to  vary.    In  order  that  the  wires  conveying  the  current 
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shall  not  affect  the  reading,  the  main  leads  are  connected  to  two 
long  pieces  of  wire  which  arc  twisted  together  for  a  considerable 
distance  as  shown  in  the  figure,  so  thnt  coch  neutralises  the 
tendency  of  the  other. 

We  come  now  to  the  considemlion  of  a  class  of  ammeter, 
simple  in  construction  and  action,  independent  to  a  great  extent 
of  the  proximity  of  extraneous  electro-magnetic  fields,  and,-  being 
direct-reading  instruments,  they  arc  exceedingly  useful  as  dynamo^ 
room  indicators,  telling  the  attendant  at  a  glance  whether  or  no 
his  current  is  being  maintained  at  its  proper  value.  A  number  of 
these  instruments  depend  upon  the  power  of  a  coil  alone,  to  raise 

Fic.  69 


Fig.  64. 


a  more  or  less  weighty  piece  of  iron  against  the  force  of  gravity, 
while  others  have  a  solenoid  and  core  to  perform  a  similar  opera- 
tion. They  all  require  to  be  calibrated,  but,  under  the  circum- 
stances, that  is  not  objectionable  providing  the  calibration  is 
correctly  performed 

The  first  instrument  of  this  class  to  which  we  will  refer  is 
that  constructed  by.Schuckert.  A  general  view  of  this  ammeter 
is  shown  in  fig.  64,  and  a  view  of  the  moving  portion  of  it  in 
fig.  65.     It  will  be  seen  that  the  instrument  is  made  to  be  fixed 
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against  a  wall  with  its  base  in  a  vertical  position,  the  working 
parts  being  protected  by  a  circular  metal  case  with  a  glass  front 
From  the  two  terminal  clamps  below  the  instrument  case,  stout 
metal  bands  are  led  to  the  solenoid,  which  is  placed  with  its  axis 
horizontal,  and  consists  of  single  copper  casting,',  with  helical  saw- 
cuts,  so  as  to  lead  the  current  a  few  times  round  the  'needle/ 
With  such  a  solenoid,  which  is  designed  for  very  heavy  currents, 
no  insulating  material  is  employed  other  than  the  air ;  but  in  the 
case  of  instruments  constructed  for  the  measurement  of  weaker 
currents,  the  solenoid  is  made  of  a  number  of  turns  of  ordinary 
stout  insulated  wire.  A  light  steel  arbor  or  spindle  is  pivoted  so 
as  to  lie  parallel  to,  and  a  little  to  the  left  of,  the  axis  of  the  coiL 
It  has  attached  to  it  a  thin  curved  plate  of  soft  iron  shaped  as 
shown  in  fig.  65.  This  piece  of  iron  is  nearly  equal  in  length  to  the 
arbor,  and  extends  through  the  length  of  the  solenoid.  A  light 
aluminium  pointer  is  also  fixed  to  the  arbor  at  right  angles,  and 
the  movable  parts  are  so  weighted  that,  in  the  absence  of  a  current, 
the  pointer  is  held  in  the  zero  position  by  the  force  of  gravity 

When  a  piece  of  iron  is  placed  in  a  solenoid,  but  out  of  centre, 
the  effect  of  a  current  is  to  bring  the  iron  towards  the  centre* 
Therefore  a  current  passing  through  the  coil  of  the  Schuckert 
instrument,  in  endeavouring  to  -rotate  the  curved  piece  into  the 
centre,  raises  it  against  the  force  of  gravity,  through  a  distance 
depending  upon  the  strength  of  the  current  The  index  attached 
to  the  arbor  travels,  therefore,  over  the  scale  which  is  placed 
behind  it,  and  thus  indicates  the  strength  of  the  current  pass- 
ing through  the  instrument  As  may  be  imagined,  the  divisions 
of  the  scale  are  unequal,  but  the  scales  of  all  instruments  of  the 
same  range  are  exactly  alike,  the  centre  of  gravity  of  the  moving 
parts  in  each  case  being  adjusted  to  suit  the  scale.  The  adjust- 
ment is  made  by  bending  a  small  piece  of  copper  wire  (see  fig.  65) 
fixed  at  one  end  to  the  upper  side  of  the  arbor,  but  this  opera- 
tion is  a  matter  of  some  difficulty  when  it  is  desired  to  reproduce 
a  previous  calibration.  It  is  an  interesting  fact  that  the  gross 
weight  of  the  moving  pari  is  but  -^^  of  an  ounce.  The  amount  of 
friction  is  therefore  very  slight,  and,  there  being  very  little  in  the 
instrument  which  is  liable  to  vary  with  ordinary  workshop  usage,  it 
is  a  useful  and  practical  piece  of  apparatus. 
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The  instrument  known  as  the  •Gravity'  ammeter  is  the 
invention  of  Mr.  S.  F.  Evershed ;  it  is  manufactured  by  Messrs. 
W.  T.  Goolden  &  Co.,  and  is  for  practical  work  an  excellent  and 
reliable  measuring  instrument. 

In  this  case  also  the  magnetising  coil  is  placed  with  its  axis 

horizontal,  and  in  the  middle  of  it  there  lies  a  small  cylindrical 

piece  of  soft  iron,  a   (fig.  66),  which   is   fixed,  by   means  of  a 

Pij.  gg  piece  of  brass,  to  a  brass  arbor, 

this  arbor  being  pivoted  at  its 

extremities,  and  weighted  so  as 

to  keep  the  small  iron  rod  in 

the  position  shown,     f  and  p 

are  two  small  soft  iron  slabs, 

placed  end  to   end,   but   just 

sufficiently  far  apart    for  the 

>mall  iron  rod,  a,  to  swing  freely  between  them. 

The  coil  encircles  these  slabs,  the  arbor,  and  its  attachments ; 
and  when  a  current  passes  through  it,  the  lines  of  force  gather  up 
into  the  slabs,  and  pass  lengthways  along  them,  say  from  P  to  r, 
with  the  result  that  there  is  a  very  dense  field  just  between  their 
opposing  ends. 

In  its  normal  position  the  small  iron  rod,  dr,  lies  almost  outside 
this  dense  field,  and  we  have  seen  that  a  piece  of  iron  so  situated 
is  always  urged  from  a  weak  part  towards  the  strongest  part  of  the 
field.  Consequently,  the  iron  piece,  tf,  is  drawn  down  against  the 
restraining  force  of  gravity  which  acts  on  the  counterbalancing 
weight,  and,  as  an  increase  in  the  current  strength  will  add  to  the 
number  of  lines  and  to  the  force  of  attraction,  the  distance  through 
which  the  iron  piece  is  moved  may  be  made  to  indicate  the 
current  strength.  But  the  depression  of  the  iron  rod  is  not  pro- 
portional to  the  increase  in  the  current,  consequently  an  ordi- 
nary degree*  scale,  or  any  other  equally  divided  scale,  cannot  be 
employed.  Reverting  for  a  moment  to  the  construction  of  the 
instrument,  it  should  be  explained  that,  as  shown  in  fig.  67,  the 
two  iron  slabs  (?,  r,  fig.  66)  are  fixed  upon  a  stout  brass  strip,  the 
remote  end  of  which  carries  a  brass  disc  forming  one  bearing  for 
the  arbor.  At  the  near  end  of  the  strip  is  a  larger  disc,  provided 
with  a  hole  through  which  the  spindle  freely  passes,  having  also 
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fixed  to  it  a  smaller  brass  disc  which  forms  the  other  bearing  for 
the  arbor.  Between  these  two  last-mentioned  discs  is  a  space 
sufficient  for  the  pointer  to  swing  freely  throughout  its  range,  and 
a  small  arm  is  also  attached  to  the  arbor,  its  end  being  tapped  to 
fit  a  small  nut  which  acts  as  the  counterpoise,  keeping  the  pointer 
at  zero  when  no  current  is  passing  through  the  coils.  The  scale 
plate   is   vertical,  so   that   the   instrument,  ^^ 

which  in  appearance  resembles  the  voltmeter 
pictured  in  fig.  io8,  can  be  placed  against  a 
switchboard  or  wall,  and  its  indications 
conveniently  read.  The  calibration  is  care- 
fully performed,  and  a'  separate  scale  is 
made  for  each  instrument,  instead  of  the 
instruments  being  altered  to  suit  a  common 
scale,  with  more  or  less  accuracy,  as  is  fre- 
quently done. 

The  ends  of  the  iron  slabs  on  the  further 
side,  as  viewed  in  fig.  66,  are  curved  slightly, 
and  by  altering  this  curvature,  the  force 
with  which  the  iron  rod  is  attracted  in  any  given  position  can  be 
varied.  This  enables  the  scale  to  be  made  to  suit  the  work  for  which 
the  ammeter  is  intended  ;  for  instance,  an  instrument  whose  range 
of  measurement  is  from  20  to  200  amperes  may  be  required  for 
use  on  a  circuit  where  the  working  current  should  never  rise  above 
130  nor  fall  below  90  amjx^rcs,  and  in  such  a  case  it  might  be 
necessary  to  be  able  to  me.isurc  exactly  the  value  of  the  current 
between  those  limits,  while  the  uj^xir  and  lower  parts  of  the  scale 
would  simply  be  used  to  indicate  with  certainty  the  fact  of  the 
current  being  either  considerably  too  high  or  too  low. 

In  such  an  ammeter  the  slabs  would  be  so  shaix^d  that  a  given 
increase  in  the  current  strength  would  move  the  iron  rod  through 
a  much  greater  distance  when  near  the  middle  of  its  swing,  than 
an  equal  increase  would  move  it  when  it  is  near  the  zero  position, 
or  the  extreme  end  of  its  journey.  Consequently,  on  calibrating 
the  mstrument,  we  should  obtain  a  scale  open  in  the  centre,  and 
closed  at  the  ends  — that  is  to  say,  Avith  much  larger  divisions  in 
that  jiart  where  the  most  accurate  measurements  are  required  to 
be  made.     On  the   other  hand,  the  *ca Ic   rouUL   if  rcn>ii''cd.  be 
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mndc  open  at  the  ends  and  closed  in  the  middle,  or,  in  fact, 
varied  at  any  part  to  suit  special  requirements.  For  comparatively 
low  currents  the  magnetising  coil  is  wound  with  thick  insulated 
copper  wire,  but  for  heavy  currents,  such  as  from  200  to  t,ooo 
amperes,  a  specially  constructed  coil  is  employed.  If  the  con- 
ductor has  any  appreciable  resistance,  such  heavy  currents 
develop  a  considerable  amount  of  heat,  and  a  cotton  or  silk 
insulating  covering,  besides  impeding  radiation,  is  very  liable  to 
get  damaged.  The  best  insulator  is  air,  which  is  practically  a 
perfect  non-conductor,  and  indestructible,  and  has  the  advantage 
that  it  moves  away  when  at  all  heated,  its  place  being  taken  by 
colder  air ;  the  insulating  material  thus  tends  to  keep  the  con- 
ductor cool  instead  of  preventing  the  escape  of  heat,  and  only  in 
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very  exceptional  cases  does  the  irregular  dissipation  of  heat  by  the 
air  currents  introduce  any  error.  Fig.  68  illustrates  the  magnet- 
ising coil  employed  to  carry  heavy  currents.  It  c:onsists  of  a 
'massive  cylindrical  tubular  casting  of  copper,  the  central  hole 
being  just  large  enough  to  admit  the  brass  strip  with  the  slabs, 
&c.,  shown  in  fig.  67. 

It  is  divided  by  saw-cuts  to  form  a  *  coil.'  The  current,  enter- 
ing, say,  by  the  straight  connecting  bar  a,  passes  up  the  vertical 
strip  to  the  top  of  the  cylinder,  and  thence  round  the  coil  from 
back  to  front.  It  then  passes  down  to  the  next  convolution  at 
the  left  of  the  drilled  hole,  where  this  particular  saw -cut  terminates,  • 
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and  thence  round  the  coll  again  to  the  beginning  of  the  third 
convolution,  at  the  right  of,  and  underneath,  the  drilled  hole. 
After  again  going  round  the  coil  the  current  leaves  by  the  bar  b. 
It  thus  takes  about  2^  complete  turns  round  the  coil,  which,  with 
a  current  of  300  amperes,  would  give  750  ampere  turns. 

It  will  be  evident  that  such  a  coil  has  very  little  resistance, 
and.  that  therefore  the  power  absorbed  and  the  amount  of  heat 
developed  in  it  will  be  correspondingly  small.  The  instrument 
may  consequently  be  kept  continuously  in  circuit  without  any  risk' 
of  damage  or  serious  waste  of  energy.  The  bars  by  which  connec- 
tion is  made  are  long  and  straight,  to  prevent  the  current  in  the 
leading  wires  affecting  the  *  needle,'  for  without  these^  precautions 
a  considerable  errgr  might,  owing  to  the  small  number  of  convo; 
lutions,  be  introduced.  In  an  instrument  for  measuring  1,000 
amperes  the  *  coll '  consists  of  a  massive  cylinder  divided  on  6'ne 
side  by  a  radial  saw-cut,  with  the  straight  connecting  bars  placed 
in  a  line  with  each  other.  In  this  case  the  current  makes  but  \  of 
a  turn  round  the  needle,  thus  again  giving,  with  i,oo9_ampcres,  759 
ampere  turns. 

There  is  one  possible  source  of  error  with  instruments];  of 
this  description  due  to  the  retentivity  of  the  iron,  but  by  exer- 
cising great  care  in  the  selection  and  treatment  of  the  metal, 
this  error  has  been  practically  eliminated.  The  iron,  in  fact,  is 
not  touched  by  a  tool  after  it  has  been  annealed,  the  film  of  oxide 
formed  during  that  operation  being  simply  dissolved  by  immeA 
sion  in  an  acid.  Perhaps  the  best  way  of  testing  for  inaccuracy 
due  to  this  cause  is  to  take  two  sets  of  readings,  one  with  ascend- 
ing values  of  the  current  from  zero  to  the  maximum,  and  the 
other  with  corresponding  descending  values.  Any  retentivity  of 
the  iron  would  cause  the  latter  set  of  readings  to  be  higher  than 
the  former,  but  in  these  instruments  the  results  are  practically 
identical. 

It  is  not  so  easy  to  accurately  measure  a  current  of  several 
hundred  amperes  as  it  is  to  measure  a  few  amperes  or  a  fraction 
of  an  ampere,  but  all  these  ammeters  are  calibrated  by  having 
their  full  current  passed  through  them,  and  its  effect,  as  indicated 
by  the  pointer,  carefully  oV)sen*cd. 

The    required    current    strength    is  obtained    by  means  of 
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iccondary  batteries,  which  are  charged  in  icrics  and  joined  up  in 
parallel  for  discharging,  and  in  order  to  ensure  greater  accuracy  « 
definite  fraction  only  of  the  whole  current  is  measured.  For 
example,  if  it  is  desired  to  calibrate  an  ammeter  >fhich  is  capable 
of  measuring  from  40  to  400  amperes,  it  is  joined  up  with  the 
secondary  battery,  and  a  set  of  100  rather  stout  iron  wire  resist- 
ances, these  wires  being  all  joined  up  in  parallel,  and  placed  se- 
as to  have  equal  facilities  for  cooling.  A  standard  ammeter  a* 
joined  up  in  circuit  with  one  of  these  iron  wire  resistances,  and  4 
length  of  the  iron  wire  equal  in  resistance  to  that  of  the  ammeter 
is  removed,  so  that  this  compound  branch,  formed  of  a  portion  or 
iron  wire  and  th'*  ammeter,  is  equal  in  resistance  to  each  of  the 
other  99  branches  consisting  only  of  iron  wire.     This  standard 

ammeter  is  calibrated  with  extreme 
care,  and  as  the  main  current 
divides  equally  among  the  100 
branches,  th*»  ammeter  accurately 
measures  one -hundredth  of  it,  so 
that  for  the  maximum  current  of 
400  amperes  it  is  only  necessary 
to  measure  4  amperes — a  com- 
paratively easy  matter.  For  1,000 
amperes  it  would  thus  be  necessary 
to  measure  only  10;  but  an  am- 
meter designed  to  measure  such  a 
high  current  is  conveniently  cali- 
brated by  joining  in  series  wiih  it 
two  500-ampere  meters  which  are 
themselves  connected  together  in, 
parallel. 

The  absence  of  a  portable 
)  kstrument  which  will  stand  a  little  rough  usage  has  hitherto  re- 
Btricted  the  measurement  of  alternating  currents  to  such  rather 
inconvenient  instruments  as  the  Siemens  dynamometer,  but  it 
has  recently  been  discovered  that  by  slightly  altering  the  propor- 
tions of  the  iron  parts,  these  gravity  ammeters  answer  admirably 
for  measuring  alternating  currents,  the  difference  in  the  readings 
caused  by  any  variation  in  the  rate  of  alternation  within  the  limiu 
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which  obtain  in  electric  lighting  (that  is,  from  about  50  to  120 
altemaiions  per  second)  being  practically  nil 

A  simple  form  of  gravity  ammeter  is  that  shown  in  fig.  69, 
and  made'  by  the  SocL^t^  des  T^ldphones '  de  Zurich.  The  indi- 
cating needle  is  attached  to  a  peculiarly  shaped  tongue  of  very 
thin  soft  sheet  iron,  a,  which  is 'furnished  at  intervals  with  a 
npmber  of  holes.  These  holes  afford  a  means  of  adjusting  the 
sensibility  of  the  instrument  and  making  the  scale  op^n  near  ai|y 
desired  reading..  As  the  current  passing  through  the  coil  increases 
in  strength  the  tongue  is  drawn  up  into  the  bobbin  and  the  needle 
made  to  pass  over  the  scale  on  the  face  of  the  instrument. 

The  *  Steel-yard'  ammeter,  made  by  the  Electrical  Power 
Storage  Company  and  illustrated'  in*  fig.  70,  is  a  useful  and  in- 

Fic.  70. 


teresting  piece  of  apparatus,  it  consists  .of  a  coil  of  thick  wire, 
which,  for  heavy  currents,  is  simply  a  copper  rod  bent  into  a  spiral 
and  enclosing  a  soft  iron  core,  which,  oh  being  magnetised,  attracts 
a  soft  iron  armature  attached  to  one  end  of  the  steel-yard  lever. 
A  sliding  weight  is  suspended  from  the  other  arm  of  the  lever,  its 
position  being  adjusted  until  it  just  balances  the  force  of  attraction 
between  the  core  and  its  armature.  This  instrument  is  very  con- 
venient from  the  fact  that  its  sensitiveness  can  be  varied  in 
several  ways,  such  as  varying  the  weights,  &c.  The  range  can  also 
be  varied  by  varying  the  length  of  the  lever.  The  range  of.  each 
instrument  is  considerable,  the  pne  illustrated  being  designed  to 
indicate  from  50  to  250  amperes. 
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The  '  Oisc*  ammeter  of  Messrs.  Drake  and  Gorham  (fig.  71) 
is  another  useful  «nd  simple  instrument  It  consists  of  a  spiial 
of  €x>pper  ribbon  enclosing  a  soft  iron  core,  having  for  its  armature 
a  soft  iron  disc  a.  When  the  pointer  stands  at  zero,  as  shown  in 
the  figure,  the  centre  of  gravity  of  the  disc  is  just  below  the  sus- 
pending pivots,  which  are  carried  by  two  pieces  of  brass  attached 
to  the  core,  the  disc  rotating  between  them.  A  small  segment  of 
the  disc  is  cut  ofif  so  as  to  form  a  slight  prominence,  which  senresy 

Fic  71. 


as  a  means  of,  to  some  extent,  concentrating  the  magnetic  lines 
of  force  at  a  definite  point  As  the  strength  of  the  current 
increases  the  attraction  of  this  portion  of  the  disc  causes  the 
heavier  section  to  be  raised  against  the  force  of  gravity.  A  light 
non-magnetic  index  needle  is  fixed  to  the  disc,  and  as  the  latter 
rotates  the  needle  travels  over  a  clear  open  scale. 

The  lineman's  detector  (figs.  7a  and  73)  is  a  very  handy  in- 
strument when  used  for  tracing  circuits  and  localising  faults,  but 
it  must  not  be  regarded  as  a  measuring  instrument    It  consists  of 
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two  ordinary  instrument  bobbins,  mounted  vertically,  and  each 
wound  with  two  coils  of  wire,  one  consistmg  of  ajew  turns  of  ihick 


Fig. 


7a- 
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wire  and  the  other  of  many  turns  of  fine  wire.    The  former  is 
usually  wound  to  0-2  ohm,  and  the  latter  to  about  ioq  ohms.    A 


FKk  75. 
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shunt  coil  is  sometimes  added  to  the  thick  wire  coil  to  reduce  its 
sensitivendss.    The  magnet  is  about  an  inch  long,  and  is  mounted 
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on  a  horizontal  axis  (see  fig.  74),  so  that  it  can  turn  freely  inside 
the  coils,  a  long  non-magnetic  indicating  needle  being,  also  fixed 
on  the  front  end  of  the  spindle  and  moving  over  a  graduated  dial. 
Sometimes  a  soft  iron  needle  is  substituted  for  the  magnetised  steel 
one,  it  being  magnetised  by  the  induction  of  two  powerful  steel 
magnets  fixed  to  the  bobbins,  one  of  which  is  shown  at  ///  in  fig.  75. 
These  magnets  can  be  curved  so  as  to  fit  into  a  case  of  ordinary 
dimensions. 

One  end  of  each  of  the'coils  is  connected  to  one  or  other  of 
the  outer  terminals  on  the  top  of  the  case,  the  other  two  ends 
being  both  joined  to  the  centre  temunal.  Constructed  as  de* 
scribed,  the  needle  should  be  deflected  through  40®  or  50"  by  a 
current  flowing  through  the  thin  wire  coil  of  9*3  milliamperes — 
that  is  to  say^  by  a  single  Daniell  cell  having  an  internal  resistance 
of  7  ohms.  The  thick  wirexoil  should,  with  the  same  cell  giving 
a  current  of  139  milliamperes,  cause  ^a  deflection  of  20^  to  30^ 
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CHAPTER  V; 

IdEASUREMENT  OF  RESISTANCE,' 

When  the  difference  of  potential  in  volts  between  the  two  ends 
of  a  wire  is  known,  and  also  the  current  in  amperes  which  that 
difference  of  potential  is  able  to  maintain  in  the  wire,  then  the 
resistance  of  that  wire  in  ohms  may  easily  be  calculated,  for  by 
Ohm's  law  it  is  equal  to  the  number  of  volts  divided   by  the 

number  of  amperes,  or  r  =  \  where  e  stands  for  the  electro- 

c 

motive  force  in  volts,  c  for  the  cuirent  strength  in  amperes,  and  r 
for  the  resistance  in  ohms.  If,  for  instance,  a  difference  of  poten- 
tial or  an  electro-motive  foFce  of  15  volts  between  the  two  ends  of 
a  wire  were  able  to  niaintain  a  current  of  2  amperes  through  it, 

then  its  resistance  would  be  .-^  =  7*5  ohms.  But  if  the  resulting 
current  were  only  2  milliamoeres,  then  the  resistance  would  be 

_iL  ss  7500  ohms.  W^ith  one  of  the  instruments  described  in 
•002 

the  preceding  chapter,  the  current  flowing  may  be  measured,  and 

in  the  next  chapter  we  shall  show  how  the  difference  of  potential 

between  any  two  points  of  a  circuit  may  be  measured  in  volts  ; 

and  this  method  is  perhaps  the  very  Ijest  that  can  be  devised  for 

finding. the  value  of  very  low  resistances.     But  sometimes  we 

know  the.maximum  difference  of  potential  or  electro-motive  force 

which^  certain  current-generator  can  produce,  and  this  knowledge 

will  enable  us  in  certain  cases  to  calculate  resistance  after  merely 

measuring  current  strength. 

If  we  have  a  battery  of  which  we  know  the  electro-motive 

force,  say  10  volts,  and  also  the  internal  resistance,  say  20  ,  we 
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may  use  it  to  send  a  current  through  the  tangent  galvanometer,  g, 
and  the  unknown  resistance,  x^  by  joining  them  all  in  series  as 
shown  in  fig.  76.  Suppose  the  resulting  current  to  be  20  milli- 
amperes  as  measured  by  the  tangent  galvanometer,  then  we  may 
find  iYif^ total  resistance* of/* the  lyhole  circuit  by- dividing  the 

'Ficr76^ 


electro-motive  force  by  the  current     The  total  resistance  will  be 

12,  =  500*.  Now,  the  resistance. of  the  battery  and  galvano- 
•02 

meter  is  340". ;  if  we  subtract  this  from  the  total  resistance  we  get 
the  value  of  the  unknown  resistance,  .r,  that  is,  500  —  340  =  160 
ohms. 

By  using  tne  tnick  wire  coils  of  the  galvanometer,  and  a  battery 
of  very  low  resistance  as  compared  with  that  of  the  unknown  resist- 
ance, no  serious  error  will  be  made  by  ignoring  the  resistance  of  the 
battery  and  galvanometer,  and  regarding  the  unknown  resistance 
as  the  total  resistance  of  the  circuit  Under  these  conditions  a 
number  of  fairly  high  resistances  may  be  easily  compared,  for  the 
same  electro-motive  force  mil  send  through  each  a  current  which 
is  inversely  proportional  to  the  resistance.  Thus,  if.  with  three 
resistances,  a,  ^,  ^,  we  get  deflections  of  30,  25,  and  60  tangent 

1  :  i-*  -L 
30  '  25  •  60' 

that  is,  a  :  b  \  c  ::  10  :  12  :  5. 

Presuming  the  galvanometer  to  be  so  adjusted  that  a  deflection 
of  30  tangent  divisions  is  obtained  when  a  current  of  10  inilli 
amperes  is  passed  through  the  thick  wire  coil,  and  the  battery 
employed  to  have  an  electro-motive  force  of  2  volts,  their  the 

resistance  of  a  =  -; —  =  200-.    Therefore,  the  resistance  of^s 


divisions  respectively,  then,  «  :  ^  :  r  :;  —  .  -^  .  2-»* 
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J40*,  and  of  ^  =  100".  As  previously  stated,  however,  the 
resistance- of  the  battery  and  of  the  galvanometer  must  be  taken 
into  account,  unless  they  are  very  lo^w  indeed  as  compared  with 
the  unknown  resistances. 

It  should  here  be  observed  that  in  most  of  the  tests  to  be 
described  it  is  necessary  that  a  set  of  resistances  whose  values 
are  known  exactly  should  be  provided.  The  accuracy  of  the 
results  obtained  depends,  in  a  very  great  measure,  upon  the 
accuracy  of  the  values  given  to  these  resistances,  so  that  great 
care  should  be  exercised  in  their  manufacture,  measurement,  and 
use.  In  Chapter  II.  some  of  the  principal  causes  of  inaccuracy 
were  enlarged  upon,  and  it  was  shown  how,  by  avoiding  them,  a 
reliable  set  ot  resistance  coifs  might  be  produced 

Assuming  such  a  set  of  coils  to  be  available,  let  us  now  discuss 
its  utility  in  helping  us  to  ascertain  the  resistance  offered  by  other 
conductors. 

If  a  wire,  whose  resistance  we  desire  to  ascertain,  is  joined  up 
with  a  battery  and  galvanometer,  the  current  flowing  will  deflect 

Fic.  77. 
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the  galvanometer  needle  through  a  certain  angle  ;  let  this  angle  be 
accurately  noted.  Then,  if  the  unknown  resistance  is  removed 
from  the  circuit,  and  a  box  of  coils  of  known  resistance  inserted  in 
its  place,  this  same  deflection  may  be  reproduced  .by  varying  the 
amount  of  resistance  introduced  by  means  of  the  plugs  or  arms, 
as  described  in  Chapter  II.  The  current  then  deflecting  the 
needle  will  manifestly  be  exacdy  the  same  in  strength  as  in  the 
first  case,  and  therefore  (since  the  electro-motive  force  of  the 
battery  is  unaltered)  the  total  resistance  of  the  circuit  must  be  the 
same  as  before.  Hence  the  resistance  in  the  box  is  equal  to  the 
unknown  resistance.  A  convenient  i^-ay  of  taking  this  test  is  shown 
in  fig.  77.    R  is  the  set  of  resistance  coils,  x  the  unknown  resist- 
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ance,  and  s  is  a  three-way  plug  switch,  consisting  of  three  pieces 
of  brass,  any  two  of  which  may  be  joined  together  by  insertiijg  a 
brass  plug  in  the  holes  provided  for  the  purpose  between  them. 
By  means  of  this  switch,  either  jp  or  r  may  be  rapidly  placed  in 
circuit,  and  it  is  advisable  to  take  a  second  test  after  r  has  been 
adjusted,  to  make  sure  that  the  electro-motive  force  of  the  battery 
has  not  been  altered  by  polarisation  and  so  have  varied  the  value 
of  the  test  The  galvanometer,  o,  should  be  a  sensitive  one  ;  it 
should,  in  fact,  under  all  conditions  indicate  the  alteration  in  the 
current  strength,  caused  by  the  addition  or  subtraction  of  the  coil 
of  lowest  value  in  the  resistance-box.  As  by  this  method  the 
same  deflection  is  reproduced,  any  form  of  galvanometer  will 
answer  the  requirements,  providing  only  that  it  is  sufficiently 
sensitive. 

Supposing,  however,  a  tangent  gah*anometer  and  a  battery, 
both  of  very  low  resistance,  to  be  available,  the  currents  which 
the  battery  can  send  through  a  known  and  an  unknown  resistance 
can  be  compared  directly  by  the  deflections  of  the  galvanometer 
needle,  for  if  there  are,  say,  50  tangent  divisions  in  the  flrst  case 
and  45  in  the  second,  and  the  known  resistance  is  32  ohms,  then 

45  '  50  -•  3«  ••  *» 

because  the  deflection  in  each  case  wU  be  niversely  proportional 
to  the  resistance  in  circuit  Hence,  x  ss  35-5  ohms.*  The  three- 
way  plug  switch  may  bo  used  as  in  the  last  test,  but  both 
readings  should  be  taken  near  the  '  angle  of  maximum  sensitive- 
ness,' vit  45**. 

When,  however,  the  resistances  of  the  battery  and  gah^ano- 
meter  are  comparatively  high,  their  values  mubt  he  known  or 
ascertained^  and  allowed  for  in  accordance  with  Ohm's  law  as 
follows  :  Let  the  resistance  of  the  galvanometer,  o,  be  320*,  that 
of  the  battery  r  «  12",  and  the  known  resistance  R  =3  560* ; 
let  the  current  with  r  in  circuit  (Cj)  give  50  tangent  divisions, 
and  with  x  in  circuit  (0,)  give  45  tingent  divisions. 

Then,  in  the  flrst  case, 

Ci  a=5 whence  C|(r  -|-  o  -|-  r}  =  e, 
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and  in  the  second  case, 

c,  r= 5 ,  whence,  also,  c^(x  +  g  -i-  r;  =  e, 

*  +  G  +  r 

therefore  cj,x  +  g  +  r)  =  Ci(r  +  g  +  r), 

whence  x  =  Hi(R  +  g  +  r)  -  g  -  r. 

Cj- 

Since  ^  is  merely  a  ratio,  the  strength  of  the  currents  in  milli- 

amperes  need  not  be  known,  the  niftnber  of  tangent  divisions 
produced  by  the  currents  being  inserted  instead  of  Ci  and  c,. 
Inserting  all  the  values,  then,  we  get 

jc  a=  5f  (560  +  320  +  12)  —  320  —  12 
X  ss  659-1  ohms. 

The  resistance  of  the  galvanometer  is  nearly  always  known 
and  engraved  on  the  instrument,  but  it  is  frequently  necessary  to' 
measure  the  resistance  of  the  battery  at  the  time  of  making  the 
test  To  avoid  this  it  is  better  to  use  a  battery  of  very  low  resist- 
ance, and  this  may  usually  be  obtained  by  joining  up  several  sets 
in  parallel. 

The  equation  will  tnen  stand  : 

:k  =  ^Wr  +  g)  —  G. 

By  inserting  the  values  as  before  we  can  see  the  amount  of  the 
error  caused  in  this  case  by  ignoring  the  battery  resistance  of 
12  ohms. 

jc  =  5®  (560  +  320)  —  320 
X  =  657* J  ohms. 

'rtie  error  is  thus  but  1  '3* ;  and  it  is  not  difficult  to  get  a  battery 
of  only  about  j  ohm  resistance  to  send  a  sufficiently  strong  current 
for  the  above  test,  when  the  error  would  be  negligibly  small. 

This  method  also  provides  us  with  a  means  of  measuring  the 
resistance  of  a  galvanometer.     For,  let  the  second  reading  be 
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taken  through  a  known  resistance  k  =  700*  instead  of  x,  then, 
ignoring  the  battery  resistance,  it  follows  that,  as  before, 

C,(R  +  g)  =  C2(K  +  G) 
CiR  +  C,G  =  CjK  -4-  CjG 
G(c,  —  Cj)  =  C2K  —  CjR 


_  C^K  -  C,R 
C,  —  C, 

Inserting  the  values  we  get 


^  ^  45x700-50x560  ^         ^^^^ 
50-45 

With  the  same  apparatus  the  internal  resistance  of  the  battery 
may  be  measured  For  if  the  battery  is  joined  up  to  the  low 
resistance  coil  of  the  galvanometer  (three  or  twelve  turns),  practi- 
cally the  only  resistance  in  the  circuit  will  be  that  of  the  battery  x. 
If  possible,  the  adjustable  magnet  should  be  placed  so  that  the 
deflection  is,  say,  50  tangent  divisions.  Now,  it  will  be  evident 
that  to  halve  the  current  flowing,  the  resistance  in  the  circuit  must 
be  doubled.  I^  therefore,  resistance  R  is  inserted  until  the  deflec* 
tion  falls  from  56  to  25  divisions,  the  resistance  R  will  be  equal  to 
the  resistance  x  of  the  battery. 

Sometimes,  however,  the  effect  of  the  controlling  magnet  is 
insufficient  to  produce  a  convenient  deflection,  and  it  is  then 
necessary  to  introduce  some  resistance  in  the  first  test,  say  p,  for 
this  pufpDse.     Then 

c  =      ^    ,  or  c(.v  +  p)  =  E. 

If,  now,  p  is  mcreased  to  R  in  order  to  halve  the  deflection, 
and  therefore  halve  the  current  strength, 

then  ^  -B      ^  ',  or  ?(a'  +  r)  =  e, 

therefore  ^(s  +  r)  =  c(.\  +  p),  « 

2 

whence  a*  =  r  —  2r. 

For  instance,  if  with  a  low-resistance  galvanometer  it  is  found 
necessary  to  insert  1 1  ohms  in  order  to  bring  the  deflection  down 
to  60  divisions,   and  to  increase  this   resistance  to  31  ohms  in 
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order  to  make  the  deflection  30  divisionsi  then  the  resistance  of 
the  battery  «  ■•  31  —  at  ■■  9  ohms. 

In  some  cases  the  resistance  of  a  cell  is  so  very  low  that  it 
becomes  a  difficult  matter  to  measure  it  with  great  accuracy. 
Secondary  cells,  especially,  haye  not  only  a  low 'resistance,  but 
also  a  comi>aratively  high  B.11.F.,  so  that  some  special  method  is 
necessary  in  dealing  with  them,  if  great  accuracy  is  desired. 

A  very  pretty  method  consists  in  allowing  the  cell  to  send  a 
current  through  a  low  external  resistance  of  known  value,  and  then 
measuring  the  fall  of  potential  which  Ukes  place  along  this 
resistance.  This  fall  can  be  easily  found  by  subtracting  the 
ejEternal  potential  difference  from  the  total  e.m.f.  developed.  As 
the  resistance  of  each  portion  of  the  circuit  is  proportional  to  the 
fall  of  potential  taking  place  along  it,  the  internal  resistance  of 
the  cell  can  then  be  deduced.  One  of  the  hot-wire  voltmeters 
(page  189),  designed  to  indicate  up  to  2*5  volts,  is  a  useful  piece  of 
apparatus  for  this  work.  The  total  E.M.F.  of  the  cell  can  be 
measured  by  joining  the  voltmeter  to  the  cell  terminals,  because 
the  high  resistance  of  the  voltmeter  allows  only  a  feeble  current  to 
be  generated,  so  feeble,  in  fact,  that  the  fall  of  potential  inside 
the  cell  is  exceedingly  low;  whence  the  potential  difference 
indicated  is  practically  equal  to  the  E.M.F.  developed.  If  a  second 
external  conductor,  but  of  low  resistance,  is  also  joined  to  the  ter- 
minals of  the  cell,  the  total  external  resistance  will  be  considerably 
reduced,  and  the  fall  of  potential  inside  the  battery  proportionally 
increased,  and  a  lower  e.m.f.  will  be  indicated  by  the  voltmeter. 
Consequently,  if  we  denote  the  total  e.m.f.  by  £,  the  fall  of  poten- 
tial in  the  external  and  internal  portions  of  the  circuit  by  p  and  / 
respectively,  the  resistance  of  the  cell  by  r,  and  of  the  known, 
external  resistance  by  r,  it  is  evident 

E-P«/, 

and  p  :/  ::  e  :  r; 

fiom  which  we  get  r  as  Lh. 

p 

When  a  battery  of  such  cells  is  to  be  measured — say  twenty— j 
It  is  better  to  reverse  nearly  half  of  them — in  this  case,  nine  ; 
then  the  resistance  to  be  measured  is  that  of  twenty  cells,  while 
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the  E.M.F.  urging  a  current  through  them  is*  only  that  of  two 
cells. 

The  method  next  to  be  described  depends  upon  the  fact  that 
if  two  conductors  of  exactly  equal  resistance  are  joined  up  '  in 
parallel  *  and  placed  in  a  circuit,  as  shown  in  fig.  78,  the  current 
will  divide  equally  between  the  two— that  is,  the  current  in  a  will 
be  exactly  equal  to  the  current  in  d.  The  converse  of  this  holds 
good,  viz.  if  we  have  two  conductors  so  joined  up  in  parallel,  and 


we  know  that  the  current  in  a  is  exactly  equal  to  the  current  in  d, 
then  we  are  certain  that  the  resistance  of  «  is  exactly  equal  to  the 
resistance  of  3. 

The  '  Differential  Galvanometer '  is  an  instrument  foe  showing 
when  the  currents  in  two  branch  circuits  are  equal.  In  principle 
it  is  very  simple.  It  consists  of  a  magnetic  needle,  either  pivoted 
horizontally  or  vertically,  surrounded  by  fwo  distinct  coils  of  wire 
of  exactly  equal  resistance,  and  wound  so  as  to  act  with  equal  force 
on  the  needle.  If,  therefore,  a  current  is  sent  through  one  coil,  and 
a  current  of  equal  strength  through  the  other  //;  tAe  opposite 
direction^  their  effects  will  be  neutralised  one  by  the  other,  and 
the  needle  will  not  be  deflected.  Figs.  79  and  80  illustrate  a 
really  good  form  of  differential  galvanometer,  ft  r  ordinary  work, 
which  is  use^  in  the  telegraph  service. 

The  soft  iron  needle  is  vertical,  but  the  arrangement  for 
keeping  it  strongly  magnetised  is  somewhat  peculiar. 

Fig.  80  shows  side  and  front  elevations  of  the  needle  and 
magnets.  The  spindle,  which  is  pivoted  at  a  and  ^,  is  rather 
massive,  and  a  piece  of  brass  is  inserted  obliquely  at  c  r,  as  shown, 
thus  breaking  its  magnetic  continuity.  E^ch  half  of  the  needle. 
/f  J,  is  fixed  at  right  angles  to  one  half  of  the  spindle  at  this 
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point,  and  the  whole  is  embraced  by  two  horse-shoe  magnets, 
placed  with  their  like  poles  adjacent,  as  shown  in  the  figure. 
These  magnets  form  a  very  strong  field  in  the  space  in  which  the 
spindle  lies.    A  large  number  of  the  lines  of  force  pass  through 
the  spindle,  but  when  they  reach  the  break  in  the  iron  at  cc  they 
bend   upwards    through 
the  soft  iron  needle  from 
one  side,  aiid  downwards 
from  the  other  side,  the 
result    being    that    the 
needle  is  a  powerful  mag- 
net with  its  north  pole 
downwards.    On  the  end 
of  the  spindle  is  fixed  a 
blackened  brass  pointer, 
//,  which,  passing  over 
or  in  front  of  a  circular 
dial  divided  into  degrees, 
indicates  the  movements 
of  the  needle.    The  two 
wires,  each  offering  50* 
resistance,  are  wound  side 
by  side  over  two  separate 
bobbins,  so  that  the  cor- 
responding   portions    of 
each  wire  are  equally  dis" 
posed  in  relation  to  the 
needle  and  exert  equal 
magnetic  effects  upon  it.  This  method  is,  of  course,  far  in  advance 
of  the  old  instrument-makers'  method  of  winding  one  wire  alone 
on  one  bobbin  and  the  other  on  another  bobbin.    The  tests  for  a 
differential  galvanometer  are  that,  if  powerful  but  equal  currents 
are  sent  in  opposite  directions  through  the  coils,  no  effect  should 
be  produced  upon  the  needle :  each  coil  used  separately  should 
produce  equal  but  opposite  deflections  with  the  same  current,  and 
the  coils  should  offer  exactly  the  same  resistance.    The  inner 
ends  of  the  two  wires  on  the  bobbins  are  respectively  joined 
together  and  the  other  four  ends  connected  to  as  many  terminals 
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on  the  back  of  the  instrument.  This  allows  the  current  to  be 
sent  through  the  coils  in  several  ways.  First  through  one  coil 
only,  resistance  50*.  Secondly,  through  both  coils  in  series  in 
such  a  direction  that  they  act  upon  the  needle  in  the  same 
manner,  when  the  resistance  will  be  loo*  and  the .  deflective 
action  doubled,  provided  the  increase  of  resistance  does  not 
sensibly  reduce    the  current.     Thirdly,  'through  both  coils  in 
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parallel  and  in  the  same  direction  ;  the  resistance  in  this  case  will 
be  25*,  and  the  deflective  action  the  same  as  that  of  one  coil  only. 
Fourthly,  through  both  in  parallel,  but  in  opposite  directions, 
when  the  needle  should,  as  already  stated,  be  unaffected.  lastl) , 
through  both  coils  in  series  in  opposite  directions,  when  the  needle 
should  also  be  unaffected  This  last  method  of  joinmg  up  is  also 
useful  for  proving  if  the  deflective  effects  of*  the  two  coils  are 
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equal,  for  the  same  current  passes  through  each  irrespective  of 
their  resistance. 

Although  the  wires  are  wound  side  by  side  throughout,  it  is 
very  rarely  that  they  are  found  to  act  with  equal  force  on  the 
needle.  There  are  three  ways  of  attaining  this  result  without 
affecting  the  resistance.  The  position  on  the  bobbins  of  a  portion 
of  either  or  both  of  the  wires  may  be  altered  ;  or  a  part  of  the  wire 
which  has  the  greater  effect  may  be  unwound  and  wound  back  on 
the  bobbin  in  the  opposite  direction ;  or  the  stronger  may  be 
unwound  until  an  exact  balance  is  obtained,  when  the  length  so 
unwound  may  be  coiled  up  in  the  base  of  the  instrument,  where, 
if  wound  '  double,'  it  will  have  no  effect  on  the  needle. 

The  lower  end  of  the  needle  is  weighted,  to  keep  it  in  the  vertical 
position  and  to  restore  it  to  that  position  on  the  cessation  of  the 
current ;  and  the  current  acts  against  this  weight  when  it  deflects 
the  needle.  The  arm  at  which  this  weight  acts  increases  with  the 
deflection  of  the  needle,  so  that  the  angle  of  deflection  cannot  be 
proportional  to  the  current  strength.  The  relation  between  the 
two  is,  in  fact,  irregular,  because  of  the  peculiar  shape  of  the 
needle  (shown  in  fig.  80),  and  because  the  field  due  to  the  current, 
although  almost  uniform  inside  the  coil,  is  far  from  being  so  near 
the  edges  and  just  outside. 

But  at  present  we  shall  only  consider  the  use  of  the  instrumetit 
with  the  needle  at  or  near  zero,  at  which  point,  it  may  be  men- 
tioned, it  is  most  sensitive. 

Provided  with  this  instrument,  a  battery,  and  a  set  of  resistance 
coils  of  sufficient  range,  we  are  in  a  position  to  rapidly  measure 
unknown  resistances. 

Fig.  81  shows  the  best  way  of  making  the  connections,  c  is 
the  galvanometer,  r  a  set  of  resistance  coils,  x  the  unknown 
resistance,  and  k  a  key  for  closing  the  battery  circuit  On  de- 
pressing the  key,  the  current  will  divide  at  a  c^  the  junction  of  the 
two  coils  of  the  galvanometer,  part  passing  through  the  coil  a  b 
and  R,  and  the  remainder  through  the  other  coil  cd  and  x^  back 
to  the  battery. 

Supposing  R  to  be  of  less  resistance  than  x^  then  a  greater 
part  of  the  current  will  pass  through  a  b  and  r  than  through  cd 
and  x^  consequently  the  needle  will  be  deflected  to  one  side.    By 
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increasing  R  this  excess  of  current  will  be  diminished,  and  the 
deflection  of  the  needle  also  decreased,  until  the  needle  again 
stands  at  zero.  Then  the  currents  flowing  through  both  coUs  of 
the  galvanometer  are  equal,  and  therefore  the  resistance  of  both 
branches  must  be  equal,  viz. 

X   +   50*  =   R    4-    50*. 

that  is,  j:  =  R. 

By  further  increasmg  r  the  needle  would  be  again  deflected, 
but  in  the  opposite  direction  to  tliat  previously  obtained. 

Before  making  a  test  it  is  advisable  to  find  out  and  note  in 
which  direction  the  needle  is  deflected  when  r  is  too  large  or  too 
Fig.  81.  small,  so  that  immediately 

the  needle  moves  to  one 
side  or  the  other  we  may 
knovV  whether  it  is  required 
to  increase  or  decrease  R. 

It  may  be  necessary  to 
measure  resistances  which 
are  either  higher  or  lower 
than  any  which  can  be 
inserted  in  the  box  r.  The 
range  can  then  be  extended 
T  by  shunting  one  coil  of  the 

galvanometer  —  say  by  a 
wire  one-nmth  of  the  resistance  of  the  coiL  Then,  as  only  one- 
tenth  of  the  current  in  that  branch  will  pass  through  the  galva- 
nometer coil,  a  balance  will  be  obtained  when  the  total  resistance 
in  that  branch  is  one-tenth  of  the  resistance  of  the  other.  For 
instance,  suppose  the  coil  of  the  galvanometer  connected  to  r  to 
be  so  shunted,  and  a  balance  to  be  obtained,  when  the  resistance 
in  R  amounted  to  650  ;  then  the  unknown  resistance  would 
be  6,500*  nearly.  We  say  nearly,  because,  in  order  to  obtain  a 
peifectly  accurate  result,  compensating  resistance  must  be  inserted 
to  make  the  resistance  of  the  shunted  galvanometer  coil  equal  to 
50*,  as  explained  in  the  preceding  chapter. 

In  measuring  electro-magnets   or  any  single  wound  coils,  a 
sudden  jerk  of  the  needle,  due  to  self-induction  (see  Chapter  VII.), 
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will  always  be  noticed  on  making  and  breaking  the  circuit.  I«i 
such  cases  care  should  be  taken  to  see  that  the  needle  rests  at  zero 
when  no  current  is  flowing,  and  then  the  k^y  should  be  depressed 
and  the  adjustments  made  with  a  steady  uninterrupted  current 
until  the  needle  again  comes  to  zero. 

The  differential  galvanometer,  although  a  first-rate  instrument 
for  comparing  two  resistances  by  the  equalisation  method,  loses  in 
simplicity  and  rapidity  when  shunts  have  to  be  used  and  allowed  for. 
By  means,  however,  of  a  piece  of  apparatus  known  as  the  'Wheat- 
stone  Bridge,'  the  value  of  any  resistance  can  be  readily  measured. 
The  principle  of  this  invaluable  apparatus  is  very  simple,  and  is 
explained  by  the  diagram  (fig.  82).  Let  us  suppose  two  wires, 
A  tf  r  B  and  A  ^  ^  B,  either  equal  or  unequal  in  resistance,  to  be 

Fig.  8a. 


joined  up  in  parallel  and  a  current  sent  through  or  divided  between 
them,  as  shown  in  the  figure.  The  current  will,  as  already  ex- 
plained, divide  itself  between  the  two  wires  inversely  as  their 
resistances,  but,  for  our  present  purpose,  the  current  strength  is  a 
matter  of  little  or  no  importance. 

If,  now,  one  end  of  a  galvanometer  coil,  G,  is  joined  to  any 
point,  ^,  in  one  wire,  and  the  other  end  to  a  point,  g^  in  the 
other,  very  near  to  the  junction  b,  a  deflection  of  the  galvano- 
meter needle  will  be  observed,  indicating  a  current  flowing  from 
tfto  g. 

On  removing  the  galvanometer  wire  from  g  and  joining  it  to 
another  point,  h^  also  in  the  second  wire,  but  very  near  to  a,  the 
galvanometer  will  again  indicate  a  current,  but  flowing  in  the 
reverse  direction,  viz.  from  h  to  e\  If  contact  were  successively 
made  at  points  along  the  wire  Kb  d^  farther  from  a,  the  current 
would  become  feebler  and  feebler  until,  finally,  a  point,/  would  be 
found  at  which  the  needle  would  not  be  affected  at  all,  showing 
the  absence  of  a  current  through  the  galvanometer. 
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There  can  be  but  one  explanation  to  these  experiments.  It 
was  clearly  laid  down  and  demonstrated  in  Chapter  II.  that  when- 
ever a  current  of  electricity  flows,  it  does  so  invariably  in  virtue  of 
a  difference  of  potential  between  the  e^ctrenrities  of  the  conductor 
tl}rough  which  it  flows,  and,  conversely,  whenever  the  extremities 
of  a  cpnductor  are  at  different  potentials  a  current  flows  through 
it  These  two  facts  must  never  be  lost  sight  of,  for  they  constitute 
the  key  to  a  host  of  electrical  phenomena  and  problems.  Inasmuch, 
then,  as  it  was  seen,  by  the  evidence  of  the  galvanometer,  g,  fig.  82, 
that  a  current  passed  througti  it  when  its  terminals  were  coni\ected 
to  the  points  e  and  ^,  and  to  the  points  t  and  h^  the  current  or 
currents  flowed  as  a  consequence  of  a  difference  of  potential 
between  those  points.  And  the  absence  of  a  current  on  connect- 
ing the  points  t  and /together  is  an  equally  dear  proof  that  those 
two  points  were  at  the  same  or  equal  potentials.  If  we  suppose  a 
to  be  at  a  higher  potential  than  b,  and  connect  the  galvanometer 
directly  to  those  points,  so  that  it  shpll  share  the  current  arriving 
at  A,  the  needle  will  be  deflected  to  one  side  or  the  other,  the 
particular  deflection  being  governed  by  the  direction  of  the  current 
round  the  needle.  Let  us  suppose  the  deflectiork  to  be  to  the  right 
Then,  on  connecting  the  galvanometer  to  a  and  /,  or  even  to 
€  and  ^,  the  deflection  will  also  be  t*  the  right,  and  will  establish 
the  &ct  that  the  potential  at  e  is  higher  than  that  at  g.  On  the 
oth^  hand,  the  opposite  deflection  which  is  obtained  when  the 
galvanometer  is  connected  to  t  and  h  affords  ample  proof  that  the 
potential  at  h  is  higher  than  that  at  /.  Now,  as  the  ends  of  the 
two  wires  at  a  are  always  at  the  same  potential,  and  as  the  ends  at 
B  are  also  at  the  tame  potential,  although  lower  than  that  at  a,  it 
follows  that  the  fall  of  potential  along  k  a  c  ^  must  equal  that 
along  k  b  d  ^.  It  also  follows  that  if  we  fix  upon  any  one  point 
in  either  of  the  wires,  there  must  alwa}«  be  a  point  somewhere  in 
the  other  wire  which  will  be  at  exactly  the  same  pcjtential,  and  if 
these  two  points  are  connected  together  no  current  can  possibly 
flow  between  them.  Herein  b  the  underlying  principle  of  the 
Wheatstone  bridge. 

We  must  now  endeavour  to  discover  what  relation,  if  any, 
exists  between  the  resistances  of  the  four  sections  into  which  these 
wires  are  divided.    Lei  the  resistance  of  the  section  between  a  and 
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€  be  denoted  by  a^  that  between  a  and /by  3,  between-  e  and  b  by 
r,  and  between /and  b  by  d. 

The  difference  of  potential  between  a  and  e  is  equal  to  that 
between  a  and/;  call  this  P|. 

Again,  the  difference  of  potential  between  e  and  b  is^ual  to 
that  between /and  b  ;  call  this  p,. 

Now  we  have  seen  tliat  in  every  case  (since  by  Ohm's  law 
E  =  cr)  the  difference  of  potential  between  any  two  points  is  equal 
to  the  current  flowing,  multiplied  by  the  resistance  of  the  con- 
ductor between  those  points. 

Suppose  the  current  flowing  in  the  upper  branch,  a  ^  b,  to  be  Cj, 
and  that  in  the  ^ower  branch,  a /b,  to  be  c,. 


Then 

Pi=c,  Xtf; 

also 

p,  =c,x^; 

therefore 

Ci  Xtf  =  c,  x^, 

or 

2"c7 

Again, 

P,  sac,  X<^, 

also, 

P,  =  C,X^, 

therefore 

c,  xr=  c,  x</, 

or 

But  ?  is  likewise 

equal 

-%■' 

consequently 

a       e 

This  is  the  relation  between  the  resistances  which  we  sought 
to  discover,  and  we  might,  in^the  same  way,  prove  that  it  holds 
good  for  other  cases  where  the  resistances  have  different  values. 

The  relation  may  also  be  viewed  from  another  standpoint 
The  fall  of  potential  along  a  conductor  is  proportional  to  its  re- 
sistance, and,  conversely,  the  resistance  of  a  conductor  is  pro- 
portional to  the  fall  of  potential  which  takes  place  along  it  Now, 
the  total  &11  of  potential  along  the  two  branches  (fig.  8a)  is  equal 
in  amount,  and  the  potential  at  €  is  equal  to  that  at/;  and  the  fall 
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along  a  is  equal  to  the  fall  along  ^,  and  also  the  fall  taking  place 
along  c  is  equal  to  that  along  d.  Therefore,  the  value  of  the  re- 
sistance a  bears  to  that  of  c  the  same  ratio  as  does  b  to  </,  that  is  j 


or 


a  :  c 
a\b 


d. 


If  one  of  these  resistances,  say  r,  were  unknown,  and  the 
other  three  known,  we  could  readily  determine  the  value  of  e^  for 
ad 
T 

This  is,  in  fact,  the  method  by  which  resistance  is  measured 
with  the  Wheatstone  bridge. 

We  have  four  resistances,  p  q  r  s,  one  of  which,  say  p,  is 
unknown  and  the  others  known,  and  join  them  up  as  in  fig.  83. 

The  junctions  at  a  and  b  are 
maintained  at  different  poten- 
tials by  means  of  a  suitable 
battery,  while  to  the  other 
junctions,  c  and  d,  a  galvan- 
ometer is  connected.  The 
known  resistances  are  then 
varied  and  adjusted,  until  the 
absence  of  a  current  through 
the  galvanometer  proves  c,  the 
junction  of  p  and  q,  to  be  at 
the  same  potential  as  B  the  junction  of  r  and  s. 

The  value  of  p  can  then  be  calculated,  as  above,  the  simplest 
case  being  when  Q  =  s,  for  then  p  =  r.  Two  keys,  k  and  k*,  are 
provided  for  the  purpose  of  disconnecting  the  battery  and  galvano- 
meter circuits  respectively. 

There  are  various  ways  of  performing  the  necessary  adjustment 
of  the  known  resistances. 

In  the  case  shown  in  fig.  82  we  found  the  point  of  equilibrium 
by  shifting  one  of  the  wires  connected  to  the  galvanometer  along 
A  d  dB,  thus  var)'ing  the  ra/io  of  the  resistances  b and  d;  and  a 
very  good  form  of  bridge  for  measuring  low  resistances  may  be 
constructed  upon  this  principle. 

^Three  brass  or  copper  strips,  so  stout  as  to  have  practically  no 
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retiftance,  are  fixed  on  to  a  mahogany  board,  as  in  fig.  B4. 
Between  the  ends  of  two  of  these  strips  a  wire^  a  b,  is  stretched 
It  is  convenient  to  have  this  wire  one  metre  in  length,  with  a  scale 
placed  under  it,  divided  mto  a  thousand  parts.  There  are  three 
terminal  screws  on  the  middle  stnp,  and  two  on  each  of  the 
others.  The  unknown  resistance,  ^,  is  connected  to  the  two 
adjacent  ends  of  the  middle  and  right-hand  strips,  while  a  known 
resistance,  <r,  is  joined  to  the  adjacent  ends  of  the  other  two.  A 
battery  is  joined  up  to  the  outside  strips,  and  a  current  can  thus 
be  sent  through  the  branch  a  and  ^,  and  the  branch  h  and  d^  in 
parallel  One  end  of  the  galvanometer  coil  is  joined  to  the  ter- 
minal screw  at  the  junction  of  a  and  c^  where  the  potential  will 
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have  fallen  to  a  certain  amount  The  other  is  connected  tp  a 
slider  which  passes  along  over  the  wire  h  d^  and  which,  when 
pressed  down,  makes  contact  with  the  wire,  and  allows  the  exact 
point  at  which  contact  is  made  to  be  read  on  the  metre  scale.  As 
previously  explained^  a  point,  /  is  sought  for;  at  which,  contact 
l)eing  made,  no  current  flows  through  the  galvanometer.     Then 

^  Bs  .  X  d.    It  is  clear  from  this  equation  that  -^  is  merely  a  ratio, 

and  need  not  be  known  in  ohms.  If  the  wire  a  b  is  of  uniform 
resistance  throughout,  it  is  sufficient  to  know  the  length  in  milli- 
metres of  ^,  and  the  length  in  millimetres  of  ^ ;  but  the  resistance 
of  a  must  be  known  in  ohms.  Supposing  a  were  2*5  ohms,  and 
a  balance  to  be  obtained  with  the  slider  at  a  point  440  millimetres 

from  A  ;  then  b  as  440^  and  d  s  560.       Therefore  €  «  ^ : 
C83*ii  ohms. 
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The  Stretched  wire  must  be  01  considerable  resistance  so  as 
to  make  the  £UI  of  potential  per  unit  of  length  appreciable,  and  it 
should  be  of  some  hard  durable  metal,  otherwise  it  would  become 
worn  by  the  slider  and  its  uniformity  of  resistance  destroyed.  For 
these  reasons  the  wire  should  be  made  of  German  sflver,  platinum 
silver,  or  platinoid.  A  key  should  be  inserted  in  the  battery 
circuit,  to  prevent  the  current  being  kept  on  longer  than  necessary, 
and  heating  the  wires.  Extra  resistance  in  the  galvanometer  or 
battery  circuits  introduces  no  error,  merely  reducing  the  sensitive- 
ness of  the  arrangement.  But  it  is  important  to  secure  good  clean 
connections  in  the  other  branches,  as  any  resistance  introduced 
there  might  cause  a  great  error  in  the  restilt.  To  obtain  the  best 
results  the  resistance  of  the  battery  should  be  low  and  its  E.M.r. 
high  ;  the  resistances  in  the  arms_of  the  bridge  should  not  differ 

very  greatly,  and  the 
galvanometer  must,  of 
course,  be  sufficiently^ 
delicate  to '  indicate 
the  difference  of  p  • 
tential  caused  by  n  .^ 
ing  the  slider  th  ^Q|f?: 
the  shortest  measur* 
able  distance.  But  the 
length  of  the  wire  on 
the  galvanometer  must 
not  be  indefinitely  in- 
creased Jto  attain  this 
result,  otherwise  the 
resistance  so  added  reduces  the  current  in  a  greater  proportion 
than  the  deflective  effect  is  increased. 

There  is,  in  fact,  for  every  separate  test,  a  certain  resistance 
irhich  it  would  be  best  to  give  the  galvanometer.  In  practice, 
however,  we  can  do  no  more  than  wind  the  galvanometer  in  such 
a  maimer  as  will  make  it  best  suited  to  the  average  conditions 
under  which  it  will  be  employed.  For  an  ordinary  slide-wire 
bridge  the  galvanometer  resistance  should  not  greatly  exceed  one 
ohm. 

The  slide-wire  bridge  answers  well  in   a   laboratory,   and   vk 
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exceedingly  valuable  for  measuring  low  resistances.  A  more  prac^ 
deal  form  of  the  Wheatstone  bridge  and  one  which  is  very  hu-gely 
used  for  general  work  is  shown  in  fig.  85,  and  its  connections  in 
fig.  86, 

There  is  no  exposed  stretched  wire  here,  but  all  the  resistances 
are  placed  in  a  mahc^^y  box  with  an  ebonite  top,  their  ends 
being  connected  to  brass  blocks  fitted  with  plugs  as  in  the  case  of 
any  ordinary  resistance-box.  These  resistance  coils  are  measured 
with  extreme  care,  and  the  value  of  each  in  ohms  is  marked  (often 
indistinctly,  by  the  way) 
upon  the  ebonite.  Double 
terminal  screws  are  em- 
ployed to  avoid  risk  of 
resistance  being  introduced 
by  the  careless  connection 
of  two  wires  on  to  one  ter- 
minal In  the  general  view  I 
it  will  be  seen  that  there 
are  two  keys,  each,  when 
depressed,  making  contact 
with  a  metal  stud ;  these 
keys  are  marked  a'  b'  in 
fig.  86.  A  terminal  screw 
is  connected  to  each  key, 
and  to  the  right-hand  one 
is  joined  the  zinc  pole  of  the  testing  battery.  The  stud  under 
this  key  is  connected  beneath  the  ebonite  cover  to  the  brass  block 
B  in  the  middle  of  the  back  row  of  resistances,  so  that  the  zinc 
pole  of  the  battery  is  joined  to  this  block  when  the  right-hand 
key  b  depressed.  It  is  at  this  point  then,  corresponding  to  b^  the 
junction  of  Q  and  s  in  fig.  83,  that  the  current  divides,  and 
on  either  side  are  three  coils  of  xo,  xoo,  and  1,000  ohms  respec- 
tively, any  or  all  of  which  can  be  inserted  at  pleasure.  At  each 
end  of  this  row  of  coib  is  a  terminal  screw,  and  the  galvano- 
meter IS  joined  up  to  these  points.  But,  as  we  have  seen,  it 
18  necessary  to  have  a  key  in  the  galvanometer  circuit,  and  i 
IS  very  convenient  to  place  both  keys  close  together,  as  showit 
One  wire  from  the  galvanometer  is  therefore  brought  to  terminal 
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a' — that  is,  to  the  left-hand  key— and  the  stud  under  this  key  is 
connected  to  terminal  a,  as  shown  by  the  dotted  line.  There- 
fore, when  a'  is  depressed,  this  side  of  the  galvanometer  is 
joined  to  terminal  a.  The  other  side  of  the  galvanometer  goes 
direct  to  terminal  c  The  two  *  arms  *  of  the  bridge,  B  a  and  b  c, 
correspond  to  s  and  q  in  fig.  83,  and  the  arm  marked  R  in  that 
figure  here  consists  of  a  number  of  coils,  ranging  from  i  ohm  to 
4,000  ohms,  placed  between  the  terminals  d  aixl  E.  Wc  have 
thus  three  arms  of  the  bridge  of  known  values,  and  the  fourth,  or 
unknown  resistance,  x,  is  placed  between  terminals  c  and  e.  The 
copper  pole  of  the  battery  is  brought  direct  to  terminal  e,  which 
corresponds  to  the  junction  of  p  and  r  in  fig.  83.  Between  the 
arms  b  a  and  d  e — that  is,  between  the  terminals  b  and  d — is  a 
space  marked  *  infinity.'  There  is  no  coil  connected  to  the  two 
blocks  at  this  point,  so  that  the  resistance  is  infinite,  that  is,  the 
circuit  is  disconnected  when  the  plug  is  removed.  This  arrange- 
ment is  exceedingly  useful,  for  it  is  possible  to  increase  the  range 
of  measurement  considerably,  by  removing  the  plug  and  inserting 
an  extra  box  of  coils  in  the  circuit  here ;  and  further,  it  b  often 
convenient,  in  some  tests,  to  be  able  to  separate  the  coils  into  two 
independent  sets.  There  is  a  second  *  infinity  plug '  between  the 
10  and  20  ohm  coils,  and  when  using  the  apparatus  simply  as  a 
set  of  resistance  coils  these  plugs  may  be  used  as  keys  for  dis- 
connecting or  joining  up  the  circuit 

^  Now,  suppose  the  bridge  to  be  properly  joined  up,  with  an 
unknown  resistance  x^  the  value  of  which  it  is  desired  to  find, 
between  c  and  e. 

It  is  clear  that  a  and  c  are  the  points  which  we  want,  by  ad- 
justing the  various  resistances,  to  bring  to  the  same  potential,  and 
the  galvanometer  is  connected  to  these  points  so  as  to  indicate 
nben  this  result  is  attained.  We  begin  by  inserting  some  resist- 
ance in  the  arms  ba  and  bc,  say  loo  ohms  in  each.  These 
resistances  are  not  again  altered  during  the  measurement,  but  the 
adjustment  is  made  by  varying  the  amount  of  resistance  in  the 
arm  d  e  until  the  galvanometer  shows  that  a  balance  has  been 
obtained  AVhen  this  happens  the  value  of  the  unknown  resist- 
ance, jc,  is  equal  to  the  amount  which  has  been  inserted  in  th^ 
arm  p  e.     Much  time  may  be  saved  and  greater  accuracy  ensured 
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by  taking  a  test  methodically,  and  the  following  points  snould  be 
attended  to.  Before  starting  it  should  be  ascertained  that  the 
plugs  are  firmly  in  their  places  and  that  all  the  connections  at  the 
terminals  are  good,  and  to  ensure  this  it  is  advisable  to  take 
ad\'antige  of  the  double  terminals  provided,  and  place  only  one 
wire  on  each  screw.  The  galvanometer  having  been  placed  in  a 
position  convenient  for  the  experimenter,  some  coils  in  each  of 
the  three  arms  must  be  put  into  circuit,  the  amount  in  the  arms 
D  E  being  made  as  near  the  unknown  resistance  as  can  be  guessed. 
The  right-hand  key  should -be  depressed  and  then,  a  moment 
afterwards,  the  left-hand  key,  and  the  galvanometer  observed ; 
probably  the  latter  will  indicate  the  passage  of  a  current,  and  it 
should  always  be  found  which  way  the  needle  moves  when  the  resist- 
ance  in  the  arm  d  e  is,  say,  too  high.  If  that  is  done,  one  can  see, 
immediately  the  needle  moves,  whether  it  is  necessary  to  increase 
or  reduce  the  resistance  in  d  £  in  order  to  get  a  balance.  This  is 
much  quicker  than  obtaining  the  balance  at  random.  The  gal- 
vanometer key  must  only  be  lightly  tapped  so  as  to  just  indicate 
in  which  direction  the  resistance  must  be  varied,  until  a  balance 
is  nearly  obtained,  when  it  may  be  held  down  for  a  longer 
period  This  prevents  a  heavy  current  being  passed  through  the 
galvanometer ;  and  the  student  will  hardly  require  warning  that  if 
the  battery  is  kept  on  too  long  the  coils  will  become  more  or  less 
heated  and  their  resistance  varied.  It  should  also  be  borne  in 
mind  that  with  a  very  delicately  made  inst^ment  a  suddenly 
applied  heavy  current  is  likely  to  injure  the  needle  or  the  pivot. 

We  considered  above  the  simple  case  when  the  resistances  of 
the  arms  b  a,  b  c  were  equal,  but  the  bridge  is  not  always  used 
under  these  conditions. 

I^  for  instance,  the  unknown  resistance  is  comparatively  low 
and  we  desire  to  measure  it  to  within  a  fraction  of  an  ohm,  it  is 
then  necessary  to  have  these  arms  of  unequal  resistance;  we 
should,  in  fact,  make  b  a  too  ohms  and  u  c  10  ohms.  Then,  if  a 
balance  were  obtained  with  13  ohms  in  d  e,  :v-  would  be  equal  to 
I '3  ohms.     For,  by  the  principle  of  the  bridge, 

^_  Bc  X  DE       ID  X  13 

BA  100  ^ 
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And  by  using  i,oo(\ohnis  in  r  a  and  xo  ii>  BC^  measurements  to 
within  1^  of  an  ohm  might  be  made. 

When  the  unknown  resistance  is  very  high,  then  the  ratio  must 
be  reversed,  taking,  say,  lo*  in  ba,  and  i,ooo-  in  bc  I(  now,  a 
balance  is  obtained  with  1,309  ohms  in  d  e,  then 

jc  ssB  X  1309  SB  130900  ohms. 

10 

AVhen  using  this  ratio  it  is  not  always  possible  to  obtain  a 
perfect  balance  and  so  determine  theomknown  resistance  exactly, 
because  the  lowest  unit  in  the  arm  d  e  is  i  ohm,  and  this  is 
equivalent  to  100' ohms  in  the  unknown  resistance.  For  instance, 
if  in  the  last  test  the  unknown  resistance  were  130,925  ohms,  it 
would  be  necessary  to  increase  the  re^stance  in  d  e  by  a  quarter 
of  an  ohm  in  order  to  get  a  perfect  balance,  and  this  fraction  is 
not  at  our  disposal.  A  supplementary  set  of  resistances  having 
fractional  values  may  l^e  inserted  between  the  terminals  a  and  D^ 
provided  that  the  arrangement  is  sufficiently  sensitive  for  the 
galvanometer  to  respond  to  the  change  produced  by  tb^se  fractions 
of  an  ohm  ;  but  for  gen  ^ral  work  it  is  sufficient  to  know  the  value 
of  a  very  high  resistance  to  within  10  or  20  ohms,  and  this  can 
always  be  estimated  by  observing  the  movements  of  the  needle 
when  the  resistance  in  d  e  is  less  than  i  ohm  too  high  and  lest 
than  I  ohm  too  low. 

It  may  be  remarked  that  the  efficiency  of  the  Wheatstone 
bridge  is  reduced  by  the  injudicious  choice  of  a  battery,  'more 
frequently  than  by  apy  other  cause. 

The  point  to  be  borne  in  mind  is,  that  a  considerable  fidl  of 
potential  is  necessary  along  the  arms  of  the  bridge,  that  is,  between 
the  points  a  and  b  in  fig.  82.  The  greater  the  difiSerence  of 
potential  between  these  points,  the  greater  will  be  the  effect  on  the 
galvanometer  needle  for  a  given  change  in  any  of  the  resistanoea, 
and  therefore  the  higher  the  d^;ree  of  accuracy  to  which  we  can 
measure.  Now,  suppose  the  bridge  to  be  of  the  slide-wire  form, 
and  the  resistance  of  the  arms  between  a  and  b  to  be  a  ohms. 
If  we  employ  a  battery  of  10  Daniell  cells,  having  a  resistance  of 
5  ohms  per  cell,  the  potential  difference  between  a  and  b  will  be 
considerably  less  than  three-quarters  of  a  volt,  all  the  rest  of  the 
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fall  taking  place  inside  the  battery.  A  single  Grove  cell,  having  a 
resistance  of  *2*,  could  maintain  about  t*8  volts  under  similar 
conditions,  although  its  e.m  f.  is  only  one  fifth  of  that  of  the 
Daniell  battery.  This  clearly  shows  the  evil  effect  of  resist- 
ance in  the  battery,  and  it  is  evident  that  when  the  resistances 
in  the  bridge  are  low,  the  battery  employed,  while  having  a 
sufficiently  high  £.m.f.,  must  have  a  very  low  internal  resistance. 
When,  however,  the  resistances  are  high,  resistance  in  the  battery 
circuit  is  not  so  harmful  ^as  the  fall  of  potential  in  any  part  of  a 
circuit  is  directly  proportional  to  the  resistance  of  that  part),  and 
a  'battery  of  Daniell  cells  may  be  employed.  The  e.m.f.  of 
the  battery  is  often  kept  unnecessarily  low  to  avoid  a  strong 
current  heating  the  coils  ;  there  is,  of  course,  a  limit,  but  by  a 
skilful  manipulation  of  the  keys  provided,  the  time  during  which 
the  current  need  be  kept  on  is  so  very  short  that  the  heating  is  in- 
appreciable. We  have  remarked  tha^t  it  is  better  to  depress  the 
battery  key  first,  and  allow  the  current  to  become  steady  before 
tapping  the  left-hand  key  and  throwing  the  galvanometer  in 
circuit.  A  very  short  time  is  sufficient  fur  this,  but  extra  care 
should  be  taken  that  it  is  done  when  the  unknown  resistance  is  an 
electro-magnet,  or  any  coil  which  is  liable  to  the  phenomenon  of 
'self-induction'  (see  Chapter  VII.),  or  when  it  has  any  '  electrostatic 
capacity,' '  as  in  the  case  of  a  telegraph  line  or  cable,  otherwise 
the  needle  will  move  violently,  although  the  actual  resistance  may 
be  truly  balanced.  To  enable  the  student  to  understand  how  the 
nature  of  the  resistance  can  cause  the  potential  at  any  two  points 
to  be  widely  different  when  the  current  is  starting  or  stopping,  and 
yet  equal  when  it  is  steady,  we  may  employ  an  analogy.  Suppose 
we  have  two  equal  iron  water-pipes  joined  up  as  in  fig.  82,  with 
some  piece  of  apparatus  to  indicate  a  difference  or  equality  of 
pressure,  in  the  place  of  the  galvanometer,  the  points  e  and /being 
at  equal  distances  from  a  or  b.  Then,  the  pipes  being  equal  in  aU 
respects,  the  pressure  at  e  and  /  will  always  be  equal,  no  mattei 
how  the  difference  of  pressure  at  a  and  b  may  be  varied.  If^ 
now,  one  branch,  a/b«  is  replaced  by  a  ver}-  flexible  india-rubber 

The  scop*  of  this  ««rk  «fll  not  permit  us  to  deal  with  this  branch  of  the 
subject ;  *  dectrottaUc  incluctioii  *  has  seldom  to  be  contrndcd  \k1th  by  the  electric- 
Of  ht  engineer. 
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pipe  of  similar  dimensions,  this  no  longer  holds  good.  Suppose 
the  pipes  to  be  empty  and  then  water  at  a  high  pressure  to  be 
forced  in  at  a  ;  the  pressure  at  c  will  rise  quicker  than  at /because 
the  flexible  pipe  expands,  and  this  occupies  a  short  time.  When 
the  expansion  has  reached  its  limit  the  pressures  at  e  and  /  are 
equal,  but  on  suddenly  stopping  the  flow  at  a,  the  pressure  at  / 
becomes  higher  than  at  e  for  a  brief  moment  owing  to  the  con 
traction  of  the  pipe. 

Somewhat  similarly,  as  we  shall  see  later  on,  a  current  of 
electricity  can  never  rise  to  its  full  value,  or  die  away  instanta- 
neously ;  for  this  reason,  the  coils  of  the  bridge  are  so  wound 
that  in  them  the  rise  or  fall  is  very  rapid,  and  when  the  unknown 
resistance  is  such  that  the  rise  or  fall  takes  place  at  a  difTerenl 
rate,  the  current  must  be  allowed  to  become  steady  before  the 
second  key  is  closed. 

The  peculiar  method  of  winding  the  bridge  coils  is  also  useful 
in  preventing  any  direct  action,  which  might  be  caused  by  the 
current  circulating  in  them,  being  produced  upon  the  galvano- 
meter needle.  AVhen  an  electro-magnet  is  being  measured,  the 
galvanometer  must  be  placed  far  enough  away  to  avoid  its  being 
affected  when  the  current  is  passed  through  the  electro-magnet. 
When  there  is  any  reason  to  suppose  that  some  such  effect  as  this 
exists,  the  battery  key  should  be  closed  and  opened  several  times, 
the  galvanometer  key  being  left  open  and  the  needle  watched.  If 
it  moves  at  all,  we  have  proof  positive  that  some  portion  of  the 
apparatus  is  producing  a  disturbing  effect  upon  the  galvanometer. 

We  will  describe  one  other  test,  known  as  the  *  Loop  test,' 
which  is  rather  interesting,  and  may  prove  useful  to  an  electric^' 
b'ght  engineer. 

When  both  ends  of  the  unknown  resistance  are  not  easily 
accessible,  it  may  be  measured  by  joining  one  end  to  the  terminal 
c,  and  connecting  the  distant  end  to  earth.  The  terminal  £— 
that  is,  the  junction  of  the  arm  d  e— and  the  copper  pole  of  the 
battery  are  also  put  to  earth,  and  then  the  test  con  be  made  in  the 
usual  manner,  because  the  two  earth -connected  points  are  at  the 
same  potential,  and  behave  in  precisely  the  same  way  that  they 
would  if  they  were  joined  to  a  common  terminal.  A  leakage 
sometimes  occurs  in  a  covered  wire  or  cable,  which  allows  more. 
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or  less  of  the  current  to  escape  to  earth,  provided  some  other 
point  of  the  system  is  also  earthed.  It  is  necessary  to  determine 
the  distance  of  such  a  *  fault/  or  point  of  leakage,  and  it  might 
easily  be  done  by  disconnecting  the  line  beyond  it,  and  then, 
treating  the  fault  as  an  earth,  measuring  the  resistance  of  the 
wire  up  to  this  earth  as  described  above. 

It  rarely  happens,  however,  that  any  fault  develops  which  does 
not  offer  considerable  resistance  to  the  passage  of  the  ciurent  to 
earth,  and  as  the  amount  of  this  resistance  is  never  known  it 
cannot  be  allowed  for.  Further,  the  resistance  frequently  varies 
80  rapidly  that  it  is  not  possible  to  obtain  a  balance  at  ^11,  and 
some  different  arrangement  of  the  bridge  is  necessary.  We  have 
seen  that  in  the  battery  circuit  extra  resistance,  and  even  variable 
resistance,  causes  no  error  in  the  result,  although  it  reduces  the 
sensitiveness  of  the  bridge  :  and  if  this  variable  earth  fault  can  be 
placed  in  the  battery  circuit,  we  can  ignore  its  resistance  altogether. 
This  can  readily  be  done  if  both  ends  of  the  wire  are  accessible ;  if 
not,  it  is  necessary  to  have  a  second  or  return  wire,  and  connect 
the  distant  ends  of  the  two  together.  This  arrangement  is  shown 
in  fig.  87.   The  copper  ^^  ^^ 

pole  of  the  battery  is      ^p 

it — -jjs — 


put  to  earth,  the  zinc 
pole  being  always 
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in  that  direction  — 
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lytic  effect  decreases  the  resistance  of  the  fault  E  B  is  ,the 
faulty  wire,  the  fault  being  shown  at  /  c  B  is  the  sound  wire  by 
means  of  which  we  reach  the  other  end  of  the  faulty  wire,  the  two 
being  looped  together  at  lu  The  good- wire  is  joined  to  termin?.l 
c,  and  the  faulty  one  to  e.  On  depressing  the  battery  key  the 
current  flows  through  the  bridge  and  the  lines,  finding  earth  at 
the  fault,  and  a  balance  can  be  obtained  in  the  usual  way«  Let 
R  be  the  resistance  inserted  in  a  e,  and  let  x  represent  the  un- 
known resistance  of  the  faulty  wire  from  £  to  the  fault  at/  Then 
the  total  resistance  of  this  arm  of  the  bridge  is  r+at.  The  other 
arm  consists  of  the  sound  wire,  c  b,  and  that  portion  of  the  faulty 
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wire  from  b  to  /.  Let  the  total  resistance  of  this  arm  be  called  j\ 
Let  a  be  the  resistance  in  b  c,  and  d  that  in  b  a,  then 

a  :  y  ::  d  :  R  +  .r, 
that  is,  /=^x(R  +  .v) (i). 

We  have  here  two  unkno^^n  quantities,  x  and  ^,  and  must 
therefore  get  a  second  simple  equation  in  order  to  eliminate  one 
of  them.  It  is  clear  that  the  total  resistance  of  the  two  lines  is 
:v+7,  and  usually  this  is  known;  if  not,  it  can  be  measured  by 
joining  up  the  bridge  in  the  ordinary  way  (that  is,  connecting  the 
copper  pole  of  the  battery  to  terminal  e),  and  measunng  the 
resistance  of  the  loop  as  if'no  fault  existed  ;  for  there  will  then  be 
no  leakage  at  the  fault,  as  no  other  part  oi  the  system  is  earthed 
Suppose  the  resistance  thus  found  to  be  i-  ohms,  then 

therefore  j'  =  l  — a       .     .     »     ,     .     .     (2), 

Therefore,  from  equation  (1), 

^x(r  +  *)  =  l-.v; 
p 

therefore  ^  =  ^  IlI^/. 

If  we  make  a  s  ^,  as  is  frequently  done  in  thj#  test,  then, 
evidently, 

R  +  .r  =  L— jr, 

and  x^^"^ 

2 

or,  we  simply  subtract  the  resistance  in  a  £  from  ihat  of  the  tv^o 
Vnes,  and,  dividing  by  2,  obtain  the  value  of  x. 

Now,  X  is  the  resistance  in  ohms  from  e  to  the  fault ;  the 
?ength  of  the  wire  E  b  is  known,  and  therefore  its  resistance  per 
mile,  or  any  other  unit  of  length,  is  known.  Thus  we  can  at  onrre 
ascertain  the  distance  of  the  fault  in  miles  or  yards  by  dividing  x 
by  the  resistance  per  mile  or  per  yard. 

The  galvanometer  used  with  the  form  of  bridge  above  described 
has  a  resistance  of  800  ohms  ;  -it  is  shown  in  fig.  SS,  and  is  a  very 
good  instrument — portable,  yet  capable  of  giving  evidence  of  a 
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very  small  potential  difference.  ^Vhen  joined  up  in  circuit  with  a 
resistance  of  20,000  ohms,  and  a  single  Daniell  cell  (the  current 
then  being  about  one  twenty-thousandth  of  an  ampere),  it  will 
give  a  deflection  of  25**. 

The  coil  consists  of  many  turns  of  fine  silk-covered  wire, 
wound  on  a  single  brass  bobbin.  The  needle,  which  is  pivoted, 
lies  exactly  in  the  centre  of  the  coil,  and  is  quite  covered  by  it. 
At  right  angles  to  the  needle  is  fixed  a  pointer,  which  projects 
from   the   coil,   and,  f,^  ^8. 

passing  over  a  scale 
and  a  strip  of  look- 
ing -  glass,  indicates 
the  sligHtest  move- 
ment of  the  nee'dle. 
A  lever  is  provided 
for  lifting  the  needle 
from  its  pivot  when 
not  in  use,  and  each 
end  of  the  coil  is  con- 
nected to  a  terminal 
\Thich  is  insulated 
from  the  brass  casing  by  ebonite.  •  The  features  in  the  design  of 
the  instrument  which  enable  it  to  respond  to  very  feeble  currents 
are  the  great  length  of  wire  employed,  the  nearness  of  this  wire  to 
the  needle,  and  the  excellent  pivoting  of  the  needle,  which  allows 
it  to  move  easily. 

Another  form  of  Wheatstone  bridge  is  shown  in  fig.  89.  Thfs 
has  a  very  great  range,  and  some  of  its  coils  are  joined  up  dif- 
ferently to  those  in  the  apparatus  last  described. 

The  two  *  ratio  arms '  each  consist  of  five  coils,  of  i,  10^  loo, 
z,ooo,  and  10,000  ohms  resistance,  and  are  connected  up  in  the 
usual  manner.  The  arm  which  is  varied  in  balancing  is  divided 
into  four  sets  of  coils,  each  set  consisting  of  nine  equal  coils.  The 
resistance  of  each  coil  in  the  first  set  is  i*,  in  the  second  lo*,  in 
the  third  loo",  and  in  the  fourth  i,ooo*.  Sometimes  a  fifth  set 
of  •!•  each  is  added.  In  the  figure  will  be  seen  10  brass  blocks 
surrounding  a  circular  central  one,  with  which  they  can  be 
separately  connected  by  a  plug.    The  block  partly  hidden  by  the. 
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plug  is  numbered  o,  and  this  block  is  connected  to  the  cenJtre  of 
the  next  dial.  Between  each  of  these  numbered  blocks  (except  9 
and  o)  one  of  the  equal  resistance  coils  is  placed,  and  by  means 
of  the  plug  any  number  of  them  can  be  brought  into  circuit  For 
instance,  if  the  block  numbered  5  is  so  joined  to  the  centre  plate, 
the  current  passes  from  the  plate  by  means  of  the  plug,  and  through 
five  of  the  coils  round  to  the  block  number  o,  which  is  joined  to 
the  next  centre  plate,  or,  in  the  case  of  the  last  dial,  to  a  terminal 
screw.  Some  tests  can  be  very  quickly  made  with  this  form  of 
bridge,  and  the  result  seen  at  a  glance.  Of  course,  the  circuit  is 
disconnected  in  the  variable  arm  every  time  a  plug  is  shifted,  if 
only  one  plug  is  used  for  each  dial. 
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One  of  the  most  important  uses  to  which  the  instruments  and 
methods  described  in  this  chapter  can  be  applied,^ is  that  of 
determining  the  *  msuktion  resistance  'of  an  electrical  drcuit, 
which  is  accomplished  by  entirely  disconnecting  the  remote  ends 
of  the  conductors,  and  then  measuring  the  resistance  offered  by 
the  insulating  matenal  to  the  leakage  of  a  current  from  one  con- 
ductor to  another,  or  to  earth.  Should  this  resistance  fall  below 
a  certain  prearranged  standard,  evidence  will  be  afforded  of  the 
existence  of  a  fault  which  requires  to  be  localised  and  removed 
forthwith.  The  insulation  of  the  conductors  having  been  proved, 
the  switches  and  other  fittings  may  then  be  joined  up,  when  a 
second  careful  test  should  be  made,  which  in  most  cases  will 
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reveal  the  fact  that  the  insulation  resistance  has  fallen  consider- 
ably, often  as  much  as  50  per  cent.,  due  mainly  to  surface 
leakage.  By  testing  the  insulation  resistance  of  the  conductors 
separately,  a  ready  means  is  afforded  of  determining  whether 
a  particular  &ult  is  in  the  covering  of  the  wire,  or  in  the  fittings, 
and  it  may  be  observed  that  a  certain  amount  "of  leakage  at  the 
fittings  should  be  deemed  of  less  importance  than  an  equal  or 
even .  a  smaller  leakage  in  the  conductor  covering ;  for  whereas 
in  the  former  case  it  is  mostly  due  to  moisture  and  therefore  not 
liable  to  any  serious  increase,  in  the  latter  case  it  indicates  a 
damaged  or  inferior  insulating  material,  a  fault  which  will  most 
assuredly  develop  under  the  continued  electrical  stress. 

In  electric  light  installations  very  heavy  currents  and  radier 
high  e.m.f's.  pre  frequently  employed,  which  might  cause  serious 
damage  to  life  and  property  should  the  insulation  at  any  point  be 
allowed  to  fall  below  a  certain  standard  or  become  in  any  way 
faulty,  and  any  such  fault  would,  of  course,  also  impair  the 
efficiency  of  the  lighting,  to  say  nothing  of  the  energy  wisted. 
Similar  conditions  obtain  with  any  s)'stem  of  electrical  conductors 
and  fittings  for  any  purpose  whatever,  and  it  is  necessary  that 
some  convenient  means  should  be  available  for  efficiently  testing 
the  whole  installation,  under  conditions  equally  trying  to  the 
maximum  stress  which  it  will  be  called  upon  to  sustain  in  practice. 
Especially  must  the  source  of  electrical  power  employed  for  the 
test  be  able  to  develop  an  £.ir.F.  at  least  equal  to  the  maximum 
intended  to  be  used,  otherwise  there  i^rill  be  considerable  risk  that 
small  incipient  faults  will  not  be  shown  up  during  the  test,  and  will 
only  become  manifest  when  the  circuit  is  in  practical  use,  and 
v/hcn,  therefore,  the  greatest  inconvenience,  and  possibly  damage 
also,  will  result. 

As  roo  volts  is  the  lowest  icii.r.  which  generally  obtains 
in  practice,  it  is  evident  that  the  employment  of  batteries  for 
testing  would  be  exceedingly  inconvenient,  so  much  so,  in  fact 
that  an  efficient  test  is  frequently  shirked.  A  small  magneto 
machine,  such  as  we  shall  describe  in  a  subsequent  chapter,  is  far 
more  convenient  and  portable,  but  it  is  hardly  suitable  for  use 
with  the  apparatus  ordinarily  constructed  for  the  measurement  of 
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resistance.  Within  the  last  few  months  an  instrument  has  been 
introduced  by  Messrs.  Goolden  which  answers  admirably,  and,  in 
&ct,  is  designed  to  work  with  such  a  machine.  It  is  called  an 
'  ohmmeter,'  from  the  fact  that  its  pointer  indicates  directly  the 
number  of  ohms  in  the  Resistance  under  measurement.  In  prac- 
tice, however,  one  does  not  actually  require  to  find  the  exact 
resistance  of  an  installation  within  a  few  ohms  more  or  less.  It 
is,  indeed,  sufficient  if  the  apparatus  can  assure  us  whether,  under 
the  stress  produced  by  a  sufficiently  high  E.M.r.,  the  insulation  is 
above  or  below  the  standard,  which  we  may  here  suppose  to  be 
fixed  at  I  megohm  (a  million  ohms).  If  below  this  standard,  the 
^  circuit  should  be  tested  in 

sections  until  the  mult  is 
localised.  The  apparatus  in 
question  can  promptly  and 
decidedly  indicate  whether 
a  resistance  is  above  one 
megohm  or  below  it,  and 
supposing  it  to  be  above, 
of  course  the  installation  is 
passed  as  satis&ctory.  A 
top  view  of  the  instrument 
is  given  in  fig.  90.  ^Vhen 
the  small  switch  is  placed 
as  shown  on  the  contact  a» 
the  outer  scale  a  is  to  be 
used,  but  by  shifting  the 
switch  to  tne  contact  b,  a  coil  is  shunted,  thus  enabling  the  lower 
resistances  to  be  measured  by  readings  on  the  inner  scale,  b. 
The  wires  from  the  source  of  E.M.F.  (the  magneto  machine)  are 
attached  to  the  terminals  marked  +  and  — ,  while  wires  leading 
from  the  resistance  to  be  measured  are  attached  to  the  other 
terminals  marked  x . 

It  is  not  possible  to  measure  the  higher  resistances  with 
certainty  to  within  100  ohms  or  so,  but  this  is  immaterial,  as,  if  the 
insulation  is  below  the  standard,  it  matters  little  whether  it  is 
700,000  or  700,200  ohms. 

^Fig.  91  b  a  view  of  the  interior  of  the  instrument  turned 
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upside  down,  the  working  parts  there  shown  being  placed  under 
the  ebonite  slab  on  which  thcswitch  and  terminals  arct  fixed. 

The  scale  plate  is  shown  in  fig.  90.  The  inner  of  the  two 
scales  is  marked  in  divisions  of  1,000  ohms  from  ten  thousand.up 
to  infinity,  while  the  outer  reads  in  megohms  fix>m  o'l  megohm 
to  infinity,  the  $cale 
being  fairly  open 
up  to  5.  megohms. 
In  the  construction 
of  the  instrument 
there  are  three  coils 
(shown  in  plan  in 
fig.  92);  two  of 
them,  u  Oy  are 
placed  with  their 
planes  parallel  and 
are  joined  in  series,  while  the  third,  by  is  placed  between  and 
with  its  plane  and  ihagnetic  axis  at  right  angles  to  those  of  the 
coils  a  a.  The  inner  coil,  ^,  is  shaped  so  as  to  allow  the  pointer 
to  travel  through  a  comparatively  wide  range.  The  figure,  which  is 
drawn  from  the  under  side,  also  shows  the  small  steel  needle  in 
its  zero  position.    This  needle  y^^ 

is  then  lying  in  the  centre  of  the 
coil  by  and  along  the  common 
aids  of  the  coils  a  a.  In  the 
case  underneath  it  is  placed  a 
small  weak  bar  magnet  which 
adjusts  itself  so  as  always  to 
neutralise  the  effect  of  the 
earth's  magnetism,  and,  conse- 
quently, the  only  magnetic 
forces  acting  upon  the  needle 
are  those  due  to  the  currents 
in  the  coils.  A  current  pass- 
ing through  the  coils  aa^  which  are  of  high  resistance,  tends 
to  keep  the  magnetic  needle  in  the  position  shown,  that  is,  at 
zero,  with  its  length  along  the  common  axis  of  the  coils  a  a.  But 
its  length  is  then  parallel  to  the  plane  of  the  coil  by  and  any  current 
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passing  through  this  coil  will  deflect  the  needle  more  or  less,  its 
position  of  rest  depending  uppn  the  relative  strength  of  the  currents 
in  the  magnetising  c^ils  and  the  deflecting  coil.  Now  the  coils 
a  a  are  connected  to  the  source  of  E.M.r.  only,  consequently  the 
current  in  them,  and  the  force  with  which  the  needle  is  urged  to 
the  zero  position,  is  directly  proportional  to  this  E.M.F.  The  coil  ^ 
is  connected  to  the  same  source  of  e.)i.f.  but  has  the  resistance  to 
be  measured  joined  in  series  with  it ;  this  resistance  is  very  high, 
and  the  current  through  b  which  tends  to  deflect  the  needle  is 
inversely  proportional  to  it  The  deflection  of  the  needle  as 
indicated  by  the  pointer  is  proportional  to  the  E.M.F.  and  in- 
versely proportional  to  the  resistance  ;  but  as  the  same  source  of 
electro-motive  force  is  used  for  both  branches  of  the  circuit, 
any  variation  affects  equally  the  deflecting  and  the  n^agnetising 
currents,  and,  therefore,  the  deflection  of  the  needle  is  simply 
inversely  proportional  to  the  resistance  to  be  measured,  that  of  the 
coil  h  being  small. 

When  the  resistance  is  infinite  no  current  flows  through  the 
deflecting^  coil  and  the  needle  remains  at  zero,  but  as  the  re- 
sistance is  lowered  the  deflection  of  the  needle  is  proportionally 
increased,  and  it  becomes  a  simple  matter  to  calibrate  the  instru* 
ment  so  that  the  pointer  shall  indicate  directly  the  value  of  the 
resistaVice  in  ohms  or  megohms.  The  ohmmeter,  and  the  accom- 
panying magneto  machine  which  develops  an  E.ai.F.  of  120  volts, 
are  enclosed  each  in  a  case  of  5  inches  cube,  affording  a  ver} 
compact  set  for  testing  at  f  he  highest  working  pressure  likely  to 
be  adopted  in  an  ordinary  installation. 
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CHAPTER  ^^. 

MEASUREMENT  OF   ELECTRO- MOTIVE   FORCE. 

In  all  classes  of  electrical  work  it  is  important  to  be  able  to 
accurately  measure  potential  difference,  or  electro-motive  force, 
and  no  better  introduction  to  this  branch  of  the  subject  can  be. 
obtained  than  that  furnished  by  the  study  of  the  methods'  by 
which  the  electro-motive  force  of  batteries  can  be  compared.  By 
Ohm's  law  we  know  that  £  =s  c  r,  where  r  is  the  total  resistance 
of  any  circuit  measured  in  ohms,  c  the  current  in  amperes  flowing 
through  it,  and  e  the  electro-motive  force  in  volts  which  maintains 
that  current.  So  that,  whenever  the  resistance  and  the  current 
strength  are  known,  the  E.M.F.  can  be  ascertained  by  multiplying 
these  two  quantities  together.  For  instance,  if  a  battery  having  a 
resistance  of  15  ohms  is  joined  up  to  send  a  current  through  a 
galvanometer  of  320  ohms  resistance,  with  a  rheostat  having  960 
ohms  unplugged,  also  in  circuit,  and  if  the  resulting  current  is 
found  to  be  8  milliamperes,  then  the  electro-motive  force  of  that 
battery  is  c  x  R  or  -008  x  1295  =  10*36  volts. 

The  measurement  of  curt-ent  strength  presents  but  little  diffi- 
culty, but  it  is  not  often  that  the  total  resistance  in  the  circuit  is 
accurately  known  without  measurement,  and  thus  two  tests  at 
least  are  rendered  necessary  in  order  to  ascertain  the  k.m.f.  In 
practice  it  is  usual  to  take  some  good  constant  cell  or  battery 
whose  E.M.F.  is  known  exactly  and  compare  the  unknown  elec- 
tro-motive forces  with  that  of  this  'Standard'  cell  or  battery. 
As  the  accuracy  of  the  results  depends  upon  the  accuracy  of 
the  value  which  is  given  to  the  e.m.k.  of  this  standard,  and  upon 
its  constancy,  great  care  must  be  exercised  in  the  choice  and  use 
of  such  a  cell. 

The  best  cell  for  a  standard  is  that  devised  by  Latimer  Clark^ 
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which  was  descnbed  in  Chapter  III.  If  carefully  used  it  will 
remain  constant  for  years ;  but,  as  it  polarises  quickly,  it  should  not 
be  allowed  to  send  so  strong  a  current  as  even  i  milliampere,  and, 
if  possible,  should  only  be  used  in  those  tests,  to  be  presently 
described,  in  which  the  batteries  are  tested  when  they  are  not 
sending  any  current  at  all,  but  simply  maintaining  a  potential 
difference.  A  rather  serious  drawback  to  this  cell  is,  that  its 
E.M.F.  varies  with  a  change  of  temperature,  falling  as  the  tem- 
perature rises  ;  and  although,  the  temperature  b^ing  known,  the 
variation  of  £.3ki.F.  can  be  allowed  for,  such  calculations  are  very 
inconvenient  and  take  time.  Its  E.iii.F.  at  15®  Centigrade  is  1*435 
volts. 

The  Danieir  cell  wi\en  in  good  condition  does  not  polarise, 
even  when  developing  a  strong  current,  and  it  has  the  further 
advantage  that  a  considerable  variation  of  temperature  makes 
little  or  no  difference  in  its  e.m.f.  It  is,  therefore,  a  good 
standard  for  use  in  the  workshop,  and  any  form  0/  Daniell 
cell  in  first-rate  order  may  be  employed,  especially  when  the 
tests  are  independent  of  the  battery  resistance.  But  it  must 
be  remembered  that  the  plates  should  be  bright  and  clean,  the 
supply  of  crystals  in  the  copper  cell  plentiful,  and  the  solution  in 
the  zinc  cell  half  saturated.     The  E-Bf-F.  then  is  1*079  volts. 

Since  the  current  which  a  battery  can  develop  is  proportional 
to  its  E.M.F.,  it  is  evident  that  the  e.m.f.  of  two  batteries  can  be 
compared  by  observing  the  currents  which  they  send  through 
circuits  offering  equal  resistances.  The  Danitll  cell  should  be 
used  as  the  standard  in  this  case,  and  if  it  gives  on  a  tangent 
galvanometer  25  divisions  deflection  through  a  total  resistance  of^ 
say,  1,000",  while  another  cell  or  battery  gives  62*5  divisions 
through  the  same  resistance,  then 

25  :  62*5  ::  E  :  *, 

where  e  is  the  e.m.f.  of  the  standard  cell,  and  x  that  of  the 
battery  under  measurement 

Therefore  «■»     2*5x1*079  -.,  27  volts  nearly. 

One  objection  to  this  method  is,  that  it  is  necessary  to  know 
the  resistance  of  the  batteries,  in  order  that  the  total  resistance 
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may  be  made  the  ••ame  in  both  cases  •  but  if  the  resistance  of  the 
external  circuit  is  comparatively  high,  then  the  resistance  of  the 
batteries  may  be  ignored. 

In  this  simple  method,  the  resistance  is  kept  constant,  while 
the  current  vanes  The  various  currents  are  then  measured  and 
the  relative  E.}r.i.  deduced  therefrom. 

But  it  is  also  possible  to  compare  electro-motive  forces  by 
varying  the  rcbibtance  and  keeping  the  current  constant,  in  which 
case  the  electro -motive  force  is  proportional  to  the  resistance  ;  for, 
the  higher  the  e.m.f.,  the  greater  is  the  resistance  through  which 
it  can  send  a  given  current  One  great  advantage  in  connection 
with  this  method  is,  that  any  kind  of  galvanometer  which  may 
'be  available  can  be  employed,  because  the  same  deflection  is 
produced  in  everj-  case.  In  order,  therefore,  to  compare  the 
E.M.F.  of  any  battery  x^  with  the  standard  cell  e,  we  should  join 
up  the  standard  cell  in  circuit  with  a  rheostat  and  galvanometer, 
varying  the  resistance  so  as  to  obtain  a  convenient  deflection  of,  say, 
45**,  and  noting  carefully  the  total  resistance,  r,,  in  circuit.  The 
battery  to  be  tested  should  next  be  joined  up,  and  the  resistance 
alter^  say,  to  Rj,  so  as  to  reproduce  the  deflection  of  45*. 

Then  x  :  e  ::  r*  :  r.  01  x^  ^^- 

In  this  test,  too,  the  resistances  of  the  standard  cell,  the  battery, 
and  the  galvanometer  must  be  known  and  taken  into  account 
unless  the  resistance  in  the  rheostat  is  comparatively  high,  when 
these  other  resistances  may  be  ignored. 

But  by  a  simple  extension  of  this  method,  it  is  possible  to 
obtain  an  accurate  result  without  knowing  either  of  these  three 
resistances.  The  process  consists  in  first  joining  up  the  standard 
cell,  f  in  the  same  manner  as  in  the  previous  test,  and  then 
adjusting  the  rheostat  until  a  deflection  o(  say,  45®  is  obtained. 
The  resistance  should  then  be  increased  until  the  deflection  falls 
to,  say,  35^  noting  carefully  the  exact  number  of  ohms,  p,  by 
which  the  resistance  is  increased,  in  order  to  bring  about  the 
reduction  in  the  deflection.  The  battery,  whose  electro -motive 
force,  JT,  it  is  desired  to  measure,  must  now  be  substituted  for  the 
standard  cell,  and  the  resistance  again  adjusted  until  the  deflection 
of  45**  is  reproduced.    This  resistance  should  then  be  increased 
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by,  say,  q  ohms  until  the  deflection  is  once  more  35*.  Then,  as 
shown  below, 

*  :  E  ::  Q  :  p,  or  jr  =  E  ?  volts.  ' 
p 

To  take  an  example.  If  with  the  Daniell  cell  as  a  standard 
the  insertion  of  720  ohms  reduces  the  deflection  10%  that  is  to  say, 
from  45^  to  35%  and  when  the  battery  is  substituted  it  is  found 
necessary  to  add  2,300  ohms  to  reduce  the  deflection  through  the 
same  10%  then 

X  «  1*079  X  ?^°°  s=  3*446  volts  nearly. 
720 

This  is  a  very  good  method,  and  it  is  interesting  and  instruc 
tive  to  observe  how  the  battery  and .  galvanometer  resistances  are 
eliminated.     This  mayj)c  shown  by  Ohm's  law  as  follows  : — 

Let  G  be  the  resfstance  of  the  galvanometer,  r,  the  internal 
resistance  of  the  standard  cell,  and  r,  the  resistance  in  the  rheo- 
stat when  the  needle  is  deflected  through  45^  by  the  current  whose 
strength  is  indicated  by  Cj,  then 

^  ""  R|  +  ri  +  g' 

Also  let  r,  be  the  resistance  of  the  battery  whose  e.m.p.  is  to  be 
deduced,  and  r,  the  resistance  in  the  rheostat  necessary  to  repro- 
duce the  deflection  of  45%  or  when  the  current  strength  can  again 
be  indicated  by  Ci,  then 

'  ""  Rj  +  r\  +  G 

therefore  -^         -= ^ 

Ri  +  ri  +  G        R,  +  r,  +  c 

e(r,  +  r,  +  g)  =  ^(r,  +  ri  +  g)  .     .     .     .     (i). 

^Vhen  the  resistances  R|  and  r,  are  increased  l:>y  p  and  q  respec- 
tively to  obtain  the  deflection  of  35"  which  will  correspond  to  a 
cusrent  strength  which  can  be  called  c,,  then 


R|  +  r,  +  G  +  P        Rj  H-  r,  +  G  +  Q 
therefore      e(r,  +  r,  +  g)  +  eq  =s  a"(Ri  +  r,  +  c)  +  jp  p.     (2). 
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Subtracting  equation  (i;  from  (2)  we  get 

EQ  =  *?, 

therefore  *aBi.E?. 

p 

To  ensure  accurate  results  it  is  essential  that  the  galvanometer 
fcnr  this  test  should  be  sufficiently  sensitive  to  indicate  a  very  slight 
alteration  in  the  current  strength,  and,  if  possible,  the  resistances 
p  and  Q  should  be  as  high  as  or  even  higher  than  the  total  resist- 
ance in  the  circuit  prior  to  their  insertion. 

Thefe  is  another  good  method  which  is  sometimes  very  con- 
venient because  it  is  not  necessary  to  know  or  ascertain  the  actual 
resistance  of  any  portion  of  the  apparatus^  whether  it  be  the 
galvanometer,  the  rheostat,  or  the  battery,  these  being  the  ap- 
pliances required  for  the  test  As  in  the  previous  tests,  we  may 
denote  the  e.m.f.  of  the  standrrd  cell  by  e,  and  that  of  the  battery 
to  be  measured  by  x.  The  standard  cell  e  and  battery  x  are 
joined,  up  in  t^ries,  so  that  they  assist  each  other  in  sending  a 
current  through  a  rheostat  or  set  of  resistance  coils,  R,  and  a 
tangent  galvanometer,  g  (fig.  93},  and  the  resistance  adjusted  until 
a  fairly  high  deflection,  say,  sixty- 
five  tangent  divisions,  is  obtained. 
Then,  on  reversing  the  standard 
cell  (supposing  it  to  be  of  lower 
E.M.F.  than  x)  so  that  the  two 
E.i€.F.'s,  X  and  e,  are  opposed  to 
each  other,  the  resulting  current 
will  manifestly  be  due  to  the  dif- 
ference  between  the  two  e.m.p.'s, 
and,  as  the  total  resistance  re-  e'I        'I'lr 

mains  unaltered,  the  current  and  the  deflection  produced  by  it 
will  be  diminished,  say,  to  twenty-flve  divisions.  Then,  denoting 
the  first  deflection  (sixty-five  divisions)  due  to^both  e.h.f.'s  by 
D,  and  the  second  deflection  (twenty-five  divisions^  due  to  the 
difference  between  the  two  e.m.f.'s  when  opposed,  by  d^ 

v  —  7 


^ 


Fi&  93. 


<i> 


El  I   I2 
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Inserting  the  v-alues  as  above,  we  get 

X  s=  1-070  X  J^  i^'  ■»  2'428  volts  nearly. 

The  object  of  reversing  the  battery  or  cell  of  lower  E.M.F.  is  to 
obtain  both  deflections  on  the  same  side  of  the  zero  point  Were 
the  battery  of  higher  E.M.F.  to  be  reversed,  it  would  cause  the 
needle  to  be  deflected  to  the  'opposite  side  of  the  zero,  and  if  the 
pointer  happened  to  be  bent  it  would  cause  an  incorrect  calcu- 
lation. 

If,  when  joined  up  in  opposition,  no  deflection  is  obtained, 
then  the  electro-motive  force  of  the  standard  cell  will  be  the  same 
as  that  of  the  battery  under  test,  or  E  s=  x.  The  only  objection  to 
the  method  is  that  in  the  first  case  the  weaker  battery,  which  is 
usually  the  standard  cell,  has  a  rather  strong  current  flowing 
through  it  which  may  lower  its  e.m.f^  while,  when  joined  in 
opposition,  the  current  is  passing  in  the  opposite  direction  and 
will  almost  certainly  cause  a  slight  increase  in  its  E.M.F.  In  order 
to  eliminate  as  much  as  possible  this  source  of  error,  it  is  advisable 
to  introduce  a  *key'  or  contact-maker  to  open  and  close  the 
circuit  at  will,  as  shown  ip  fig.  93.  By  the  skilful  manipulation  of 
this  key  the  needle  can  be  brought  to  rest  immediately  without  a 
single  oscillation,  and  the  deflection  then  read  before  any  appreciable 
alteration  of  the  E.M.F.  can  take  place.  As  a  further  precaution, 
the  resistance  in  circuit  should  be  made  as  high  as  possible  so  as. 
to  reduce  the  strength  of  the  current.  By  such  means  the  objec- 
tion becomes  almost  entirely  obviated.  To  admit  of  high  resist- 
ance being  placed  in  the  circuit,  the  320*  coil  of  the  galvsmometer 
should  be  used  urishunted,  and  the  magnet  placed  rather  low 
down  with  its  north  pole  pointing  northwards,  so  that  it  wfll  act  in 
opposition  to  the  earth's  magnetism. 

That  the  resistance  of  batteries  and  galvanometer  need  not  be 
known  or  ascertained  is  evident  from  the  fact  that  they  form  part 
of  the  constant  total  resistance,  which  is  the  same  in  each  case  and 
which  does  not  enter  into  the  calculation.  This  may  be  shown 
algebraically,  for  if  we  let  R  indicate  the  total  resistance  in  circui|, 
(including  batteries  and  galvanometer),  C|  the  current  in  the  first 
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giving 


case  giving  deflection   d, 

and 

Cj,   the  weaker 

cun 

deflection  d^  then 

c.=*- 

+  E 

dnd 

c.  =  £ 

—  E 

K      ' 

Therefore    £-5.  ? 

.or, 

since  the  currents 

arc  ] 

to  the  deflections  in  tangent  divisions,  •'^  +  *^  ,-  •* 

n 

—  E 
d      ' 

^Vhence 

I)  -V  - 

-  DE 

=  dx  +  ^K, 

x{p 

X 

=  E(l>  +  d^), 
=  L           *    . 

It  will  Houbtless  1^  reinembered  that,  if  the  poles  of  a  battery 
are  joined  by  a  short  piece  of  thick  wire  having  practically  no  re- 
sistance, the  current  flowing  through  the  circuit  will  depend  simply 
upon  the  E.M.F.  of  the*  battery  and  its  internal  resistance.  Now, 
the  thick  wire  coils  of  the  tangent  galvanometer  which  we  have 
described  are  of  very  low  resistance,  and  may  be  used  for  the 
measurement  of  the  current  which  a  battery  can  give  under  these 
conditions.  Thus,  supposing  a  battery  of  twenty  Daniel!  cells, 
having  a  resistance  of  5  ohms  per  cell,  were  joined  up  to  send 
a  current  throujh  one  of  the  low  resistance  coil&  of  the  tangent 

galvanometer,  the  current  flowing  would  be  ^5iLi£Z2  r=  -2158  of 

an  ampere,  and  the  current  from  one  cell,  or  100  similar  cells, 
should  be  the  same,  because  when  the  E.M.F.  is  increased  by 
increasing  the  number  of  cells,  the  interiuil  resistance — that  is,  the 
total  resistance  in  circuit — is  increased  in  the  same  proportion. 
A  galvanometer  with  a  very  low  resistance  coil  afibrds,  therefore, 
a  means  of  rapidly  testing  the  condition  of  a  number  of  siriilar 
batteries,  for  the  deflection  of  the  needle  will  be  decreased  if  either 
the  internal  resistance  of  any  cell  is  above  or  the  e.m.f.  of  ijiy 
ceU  below  the  standard.  It  is,  then,  only  necessary  to  asceruin 
the  deflection  given  by  a  cell  or  a  battery  known  to  be  in  good 
condition,  and  adopt  this  as  the  standard.    I^en  if  a  battery,  say. 
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of  ten  cells  gives  a  current  equal  to  that  of  the  standard  cell,  it 
may  be  fairly  concluded  that  the  battery  is  in  good  condition,  but 
if  a  second  similar  battery  gives  a  deflection  of  seven  or  eight 
degrees  less,  then  the  conclusion  is  that  there  is  something  irrong 
with  it ;  its  resistance  is  too  high  or  its  E.M.F.  too  low.  The  matter 
may  be  quickly  decided  by  joining  up  the  faulty  battery  in  oppo- 
sition with  the  similar  battery  known  to  be  good  ->that  is  to  say, 
joining  their  copper  or  positive  poles  together  and  their  zinc  or 
negative  poles  to  the  galvanometer.  If  they  then  give  no  deflec- 
tion, we  know  that  their  electro-motive  forces  are  equal,  and  the 
fault  is  proved  to  be  one  of  high  resistance.  If,  on  the  other 
hand,  a  current  is  produced,  there  must  be  a  difierence  in  E.11.F., 
and  the  fact  that  the  suspected  battery  is  the  faulty  one  would  be 
demonstrated  if  the  direction  of  deflection  were  such  as  to  prove 
that  the  other  is  urging  a  current  through  it 

But  galvanometers  with  short  thick  wire  coils  having  but  a 
few  convolutions  are  only  affected  by  very  powerful  currents,  and 
are  only  used  where  it  is  essential  that  the  introduction  of  the 
instrument  into  any  circuit  should  have  no  appreciable  effect  upon 
the  strength  of  the  current  flowing  through  it.  AVhen  this  re- 
striction is  not  imposed  increased  accuracy  can  usually  be  obtained 
by  employing  a  more  delicate  instrument,  in  which  a  coil  of  many 
turns,  and  generally  of  flne  wire  offering' a  high  resistance,  is  em- 
ployed ;  because,  although  the  current  through  the  galvanometer 
is  weakened  by  the  added  resistance,  the  effect  is  more  than 
balanced  by  the  increased  number  of  times  which  the  current 
travels  round  the  needle.  In  fact,  the  flow  of  a  very  feeble 
current  through  such  an  instrument,  or  the  maintenance  of  a  very 
low  difference  of  potential  at  its  tenninals,  may  suffice  to  produce 
a  good  deflection,  while  under  similar  conditions  a  galvanometer 
with  a  thick  wire  coil  would  be  unaffected.  It  was  obser\'ed,  when 
considering  the  AMieatstone  bridge  method  of  measuring  resistances 
(Chapter  V.),  that  one  great  advantage  i>ertaining  to  it  is,  that  in 
making  the  final  adjustment  only  a  very  weak  current  or  no 
current  at  all  passes  through  the  galvanometer.  It  is  therefore 
practicable  in  such  cases  to  use  a  vei)-  delicate  instrument,  and,  in 
order  to  prevent  damage  being  done  to  the  needle  or  its  pivot,  or 
to  prevent  the  coils  being  fused  by  the  passapc  of  a  hcavj-  current, 
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the  coil  can  be  shunted  until  the  adjustments  are  almost  com- 
pleted. 

It  will  also  be  remembered  that  the  instrument  need  not  be 
of  any  particular  design,  since  the  final  result  is  obtained  with  the 
needle  undeflected  ;  a  galvanometer  such  as  this  can  also  be 
employed  in  sevei:^l  methods  which  have  been  devised  for  the 
comparison  of  electro-motive  forces,  in  which  the  instrument  is 
simply  used  to  denote  the  absence  of  a  current,  and  in  which, 
therefore,  the  consequent  advantages  are  the  same  as  in  the  case 
of  the  AVheatstone  bridge.  Fig.  94  shows  the  connections  for  one 
such  method. 

Fio.  94. 

0* — *  5  c^ — . 


® 


I 


3-4 


E  is  the  standard  cell  and  .v  the  battery  whose  e  M.F.'is  to  be 
measured.  Ri  R|  are  two  sets  of  resistance  coils,  and  g  is  a 
delicate  galvanometer.  A  certain  resistance  is  introduced  into  the 
circuit  by  unplugging  the  necessary  coils  in  R„  and  the  resistance 
in  R)  is  adjusted  until  the  current  ceases  to  pass  through  the 
galvanometer,  thus  showing  that  the  two  points,  s  and  t,  have 
been  brought  to  the  same  potential.     This  being  the  case,  then 

jr!K.IR2lR|} 

R. 


therefore 


X  =  E 


As  an  example,  suppose  the  l^itimcr  Clark  cell  to  be  used  as 
a  standard,  and  R]  fixed  at  1,000  ohms,  while  the  potentials  at  s 
and  T  are  equalised  by  making  R|  5,650  ohms,  then 

1-435  X  ^  5^  =  1-435  X  5-65  =  8-io8  volts. 


X  as 


it  will  be  observed  that  the  working  out  of  this  example  i^ 


1/2 


Electrical  Engineering 


CWAP.  TI* 


simplified  on  account  of  R|  being  made  i,ooo  ohms.  For  this 
reason  it  is  preferable  to  always  make  the  resistance  in  the  same 
arm  as  the  standard  cell  some  multiple  of  lo,  and  obtain  a  balance 
by  adjusting  the  other  set  of  coils. 

The  horizontal  galvanometer  designed  for  use  with  the  AVheat-' 
stone  bridge  answers  very  well  for  this  test,  and,  as  will  be  seen 
Fic.  95.  fro«^    fifr    9Si   the    bridge 

itself  may  be  used  for  the 
two  sets  of  coils  and  then 
the  usual  key  can  be  em- 
ployed in  the  galvanometer 
circuit,  while  the  'infinity', 
plug  between  a  and  d  can 
be  used  to  break  the  battery 
circuit  and  so  minimise  any 
error  due  to  polarisation^ 
AVhena  delicate  galvano- 
,  meter  is  not  available,  R| 

^^-''^  k  and  R2  must  be  lower,  but 

then  the  battery  resistances  become  important  and  cannot  be 
ignored.     They  may,  however,  be  eliminated  by  increasing  one 
of  the  resistances,  say  r^,  by  a  certain  amount,  say  p  ohms,  and 
obtaining  a  balance  again  by  increasing  r,  by  q  ohms.     Then 
a: :  E  ::  Q  :  p. 


A 
D 

B                       < 

z 

,E' 

1 

,E 

1 
1*^ 

•         W          '         W 

• 

1 

'         .'^       .  > 

r?\ 

therefore 


AT  =  E  ?. 


The  electro-motive  forces  are,  in  fact,  simply  proportional  to  the 
increase  of  the  original  resistances  r,  and  Ra- 

For  example,  if  after  one  balance  had  been  obtained,  we  were 
to  increase  the  resistance  R|  by  500.  ohms,  and  again  obtain  a 
balance  by  adding  2,852  ohms  to  Rj  ;  then  p  =  500  and  q  = 
2852,  therefore 

X  =  f435  X  *^^  =3  8-185  volts. 
500 

The  proof  of  the  method  depends  upon  two  In ws  demonstrated 
by  KirchhofF,  which  wc  will  endeavour  to  explain. 

Let  the  resistance  r,  W  slightly  reduced,  so  that  the  balance 
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is  upset,  then  the   currents  in  the  three  arms  will   flow  in  the 
direction  indicated  by  the  arrows  in  fig.  94. 

The  first  of  Kifchhoflf 's  laws  (which  is  almost  self-evident  in  the 
present  simple  case),  states  that  the  '^urrent  flowing  to  the  point  s 
is  equal  to  the  sum  of  the  currents  flowing  from  it,  that  is, 

c,  =  c,  +  c (i). 

The  second  law  declares  that  in  any  complete  circuit,  even 
wnen  it  forms  part  of  a  network,  as  R)  e  st,  the  sum  of  the  pro- 
ducts of  the  current  strength  in  each  arm  into  the  resistance  of 
that  arm  is  equal  to  the  sum  of  all  the  electro-motive  forces  in  the 
circuit  That  is  to  say,  if  in  each  arm  or  portion  nf  the  circuit 
the*  individual  resistance  of  that  arm  is  multiplied  by  the  strength 
of  the  ctirrent  flowing  through  that  resistance,  and  if  all  the  pro- 
ducts so  obtained  are  added  together,  then  the  sum  so  produced 
will  be  exactly  equal  to  the  sum  obtained  by  adding  together  all 
the  electro-motive  forces  in  the  various  arms  of  the  circuit. 

The  algebraical  sum  must,  of  course,  be  taken  ;  for  instance, 
if  two  currents,  or  two  E,M.F.'s,are  opposite  in  direction,  one  cnst 
be  reckoned  z&plus  and  t^e  other  as  minus. 

In  the  circuit  Ri  E  s  t  the  only  eai.f.  is  that  of  the  standard 
'cell,  wliich  we  denote  by  e,  and,  neglecting  the  internal  resistance 
of  this  cell,  we  form  the  second  equation  thus  : 

E  =  Cj  R|+CG (2), 

6  being  the  resistance  of  the  galvanometer. 

Similarly,  in  the  circui*  Rj  x  s  T,  the  only  E.M.r.  is  x^  but  the 
currents  in  the  two  arms  are  in  opposite  directions.     Therefore 

^  =  CaRs-cc (3). 

By  inserting  in  (2)  the  value  of  Cj,  given  in  (i),  we  get 

E  =  (Cj+C)  R|+C  G, 

that  is,  E  =  c,  Rj  +  c  Rj  +c  G (4). 

From  (3),  c,  =  H-lti: ; 

and,  inserting  tnis  value  for  C|  in  (4),  we  get 

E  =  -i-i i  +.c^j  +  c  fi ; 

Rs 
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therefore  C  « ? — —-^-r •      •     •   r.-    r    (5). 

This  equation  gives  us  the  value  of  the  current  flowing  in  the 
galvanometer  circuit  when  the  balance  is  upset,  in  terms  of  the 
various  electro-motive  forces  and  resistances.  But  in,  making  the 
test  we  adjust  so  that  no  current  flows  through  the  galvanometer  ; 
therefore,  when  a  balance  has  been  obtained,  c  ss  o,  and,  conse- 
quently, the  fraction  which  forms  the  right-hand  side  of  .equation 
(5)  is  equal  to  o. 

Therefore,  the  numerator  of  the  fraction 

R|  E  — Ri  X  as  o, 

that  is,  Rs  E  ss  R|  A-,    ..••••    •     (6)» 

and  xn^  E^«, 

which  proves  the  case  when  the  battery  resistances  are  so  small 
^  to  be  negligible. 

£quation  (6)  holds  good,  in  fact,  so  long  as  R|  and  r^  represent 
the  total  resistance  in  their  respective  arms  of  the  system. 

When  the  resistances  of  the. batteries  cannot  be  ignored,  they 
must  be  added  to  Rj  and  r,  respectively  to  make  up  the  total 
resistance  in  the  arm,  and  then  equation  (^)  becomes . 

e(Ri+''2)  =  *(Ri+''i),    ..•;-.•    (7)- 

where  r,  is  the  resistance  of  the  standard  cell,  and  r,  that  of  the 
battery  under  test.  Also,  when  R|  is  increased  by  p  ohms^  and  R^ 
by  Q  ohms, 

E(Ri  +  ''i  +  Q)  =  *(Ri+n  +  P) 
that  is,  E^Rj-f-r,)  +  EQ=j:(R,+r,)+^'E    .    .    ♦     (8). 

Subtracting  (7)  from  ^8),  we  obtain 

therefore  jr  ess  eS. 

p 

There  are  a  number  of  very  beautiful  methods  for  thel:6mpiEm' 
son  of  eloctro-motive  forces,  somewhat  similar  in  principle  to  those, 
ju'st  described.  We  have  selected  a  few  and  worked  them  out  at 
lengtli,  not  only  because  they  are  in  themselves  interesting,  but 
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also  because  they  involve,  in  a  rather  simple  form,  some  very  im- 
portant principles  and  laws  which  the  student  will  do  well,  to  master. 

We  will  now^direct  our  attention  to  a  method  bas^  upon  a 
somewhat  different  principle.  In  this  case,  again,  no  current 
passes  through  the  galvanometer  when  the  final  adjustment  has 
been  made,  thus  permitting  the  use  of  a  delicate  instrument  But 
a  further  very  great  point  in  its  favour  is  the  fact  that  the  batteries 
do  not  send  any  current  while  their  £.m.f.'s  are  being  actually 
compared.  Consequently,  the  Latimer  Clark  cell  may  be  used  as 
a  standard  to  the  best  advantage,  and  the  true  E.M.F.  of  a  battery 
subject  to  polarisation,  like  the  Leclanch^,  can  easily  be  measured  ; 
and  further,  since  no  current  flows  through  the  batteries  or  the 
galvanometer  in  the  batter}*  circuit,  their  resistances  have  no  effect 
whatever,  and  therefore  need  not  be  known. 

If  between  the  ends  a  and  b  (fig.  96)  of  a  uniform  German- 
silver  wire  one  metre  (39*37  inches  or  1,000  millimetres)  in  length 


a  potential  difference  of  10  volts  is  maintained,  the  fall  of  potential 
will  be  uniform,  say,  from  b  to  a.  Now  it  must  be  possible,  under 
such  conditions,  to  find  a  point  in  the  wire  such  that  the  potentiaf 
difference  between  that  point  and  the  end  a  shall  be  any  desired 
fraction  of  10  volts.  For  instance,  between  a  and  the  middle  of 
the  wire,  c,  the  difference  is  5  volts.  Furthermore,  if  the  negative 
pole  of  the  Clark  standard  cell  e  is  joined  to  the  point  a,  it  will 
assume  the  same  po^ntial  as  that  point,  while  the  end  of  the  wire 
connected  to  the  positive  pole  will  be  i'435  volts  above  that 
potential.  A  galvanometer  may  be  joined  up  on  either  side  of  e 
without  affecting  the  final  result,  and  if  the  free  end  of  the  wire  is 
joined  to  any  point  near  b  a  current  will  flow  through  the  galvano- 
meter G  in  opposition  to  the  standard  cell,  because  the  potential 
of  the  point  near  b  is  more  than  1*435  ^^^  above  that  at  a  ;  while 
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on  the  other  hand,  if  contact  is  made  at  a  point  very  near  to  a, 
where  the  potential  is  less  than  i  '435  volts,  the  standard  cell  wiU 
be  able  to  maintain  a  current  through  the  galvanometer  and  deflect 
the  needle  in  the  direction  opposite  to  that  which  resulted  from 
making  contact  at  the  point  near  b.  Now,  between  these  two 
positions  a  point,  d,  may  be  found  where  the  n<iedle  will  be 
undetected,  showing  that  no  current  is  passing  in  either  direction 
through  the  standard  cell  and  galvanometer,  and  this  point  will  be 
jpuch  that  the  difference  of  potential  between  it  and  a  is  equal  to 
the  maximum  difference  of  ix)tential  which  the  standard  cell  can 
produce,  viz.  its  e.m.f.  of  1*435  volts.  Since  each  of  the  ten  equal 
parts  into  which  the  wire  is  divided  represents  a  potential  difference 
of  one  volt,  the  point  d,  at  which  a  babnce  is  obtained  with  the 
standard  cell,  should  be  nearly  midway  between  i  and  2.  If  the 
wire  is  perfectly  uniform  in  resistance  the  fall  of  potential  will  also 
be  perfectly  uniform,  and  the  exact  position  of  the  balancing-point 
would  then  be  143*5  millimetres  from  a.  This  shows  the  ad- 
vantage of  having  a  wire  one  metre  in  length  divided  into  milli- 
metres. As  another  example,  suppose  the  standard  cell  were 
replaced  by  a  battery  of  unknown  E.M.F.,  we  could  readily  find 
its  E.M.F.  by  making  contact  at  different  points  along  a  b  until  the 
absence  of  a  current  through  the  galvanometer  indicated  that  a 
point  had  been  touched  where  the  e.m.f.  is  balanced.  If  this 
point  were  970  millimetres  from  a,  then  the  E.M.F.  of  the  battery 
would  be  9*7  volts.  We  have  remarked  that  the  resistance  of  the- 
galvanometer  and  battery  may  be  high  and  yet  not  affect  the 
final  result  The  only  objection  to  high  resistance  is  that  when 
the  balance  is  nearly,  but  not  quite,  obtained,  the  potential  dif- 
ference tending  to  send  a  current  through  the  galvanometer  is 
very  small,  and  if  the  resistance  in  the  galvanometer  circuit  is  very 
high  the  resulting  current  will  be  weak  and  may  not  be  able  to 
affect  the  galvanometer.  This  would  prevent  the  balancing-point 
being  found  exactly,  and  it  is  a  good  plan,  in  order  to  avoid  such 
want  of  sensitiveness,  to  employ  a  very  delicate  galvanometer,  and 
place  a  set  of  high  resistance  coils  in  circuit  with  it  At  first,  all 
the  resistance  should  be  unplugged ;  it  can  then  be  reduced  as 
the  adjustment  becomes  approximately  correct,  the  final  adjust- 
ment being  made  with  all  the  resistance  out  of  circuit     Injury  to 


ttup.  vi.  Potenticmtter  1^7 

the  galvanometer  may  thus  be  avoided,  and  the  greatest  possible 
degree  of  accuracy  attained. 

It  is  clear  that  if  we  could  with  certainty  maintain  a  constant 
potential  difference  between  the  extremities  of  the  graduated  wire, 
no  standard  cell  would  be  required,  and  it  would  be  very  conve- 
nient to  be  able  to  measure  e.m.f.'s  as  simply  proportional  to  a 
certain  length  of  the  wire.  It  is  difficult,  however,  to  maintain 
any  given  difference  of  potential  between  two  points  for  any.  length 
of  time,  and  therefore  in  practice  a  slightly  different  arrangement 
to  that  just  described  is  adopted.  A  current  is  sent  through  the 
wire  A  B  (see  fig.  97)  from  some  fairly  constant  generator,  p,  such 


tts'  a  good  low-resistance  battery  or  a  few  of  the  'secondaiy  cells' 
to  be  described  hereafter,  sufficient  to  maintain  between  a  and  b 
a  potential  difference  greater  than  that  of  the  highest  e.m.f.  to  be 
measured.  The  wire  is  stretched  over  a  scale  divided  into  a 
thousand  parts,  and  therefore,  if  of  uniform  gauge  and  material, 
the  fisiU  of  potential  along  one  of  these  units  is  equal  to  a  thousandth 
part  of  the  M  along  the  whole  wire.  The  Clark  cell,  e,  and  the 
battery  to  be  measured,  x,  are  joined  up  with  their  negative  poles 
connected  through  a  galvanometer,  c,  and  a  set  of  coils,  r,  to  the 
point  A,  as  shown  in  fig.  97.  Their  other  poles  are  connected  t  i 
sliders,  by  means  of  which  contact  may  be  quickly  made  with  any 
point  along  the  wire.  The  whole  of  the  resistance  is  put  in  circuit 
at  first,  and  the  sHder  connected  to  the  standard  battery  is  shifted 
along  until  a  point  is  found  where  the  deflection  on  the  galvano- 
meter is  very  slight  when  contact  is  made  with  the  wire  a  b.  The 
resistance  r  is  then  gradually  reduced  until  the  exact  point  (d) 
IS  found.    The  distance  from  a  to  d  must  be  oirefully  noted,  and 
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then  a  point,  f,  at  which  the  e.]li.f.  of  the  battery  x  is  balanced, 
IS  found  in  a  similar  manner.  Now,  the  potential  difference 
between  a  and  D  is  equal  to  the  e.m.f.  of  the  standard  cell— that 
is,  1*435  ^o'^s — and  the  potential  difference  between  a  rnd  f  is 
equal  to  the  E.M.F.  of  the  battery  x.     Therefore 

A  D  :  A  F  ::  E  :  jr. 
L  Suppose  A  D  to  be  120,  and  a  f  685,  divisions  ;  then 
120  :  685::i"435  :  x\ 

therefore  x  =  ^i5Jf.i:435  ^  g.,^  yolts. 

120 

It  will  thus  be  seen  that  it  is  unnecessary  to  maintain  any 
particular  potential' difference  per  unit  of  length  of  the  wire,  for 
this  can  be  immediately  found  by  means  of -the  standard  cell. 
But  it  is  advisable,  after  the  adjustments  have  been  made  as  above, 
to  verify  the  result  by  making  contact  with  both  sliders  at  almost 
the  same  moment,  in  order  to  ascertain  whether  or  not  the  fall  of 
potential  has  vasied  during  the  test 

In  fact,  one  great  feature  in  favour  of  this  arrangement  is  that 
the  test  may  so  be  made  that  a  slight  variation  of  the  potential 
difference  at  the  ends  of  the  stretched  wire  need  not  cause  any  error; 
the  source  of  inaccuracy  which  has  most  to  be  guarded  against  is  a 
want  of  uniformity  in  the  wire  itself.  By  using  a  low  resistance 
battery  a  greater  proportion  of  the  fall  of  potential  takes  place  in 
the  external  circuit — that  is,  along  the  stretched  wire — than  when 
a  high  resistance  battery  is  employed  ;  hence  the  suitability  of 
secondary  cells  for  this  purpose.  A  greater  length  of  wire  may  be 
conveniently  obtained  by  stretching  it  backwards  and  forwards 
several  times  upon  a  board.  An  instrument  based  upon  the 
foregoing  principles  for  measuring  potential  differences  is  com- 
monly called  a  potentiometer.  The  wire  is  sometimes  wound  in 
a  spiral  groove  round  an  ebonite  cylinder,  and,  when  made  in 
this  form,  it  can  easily  be  divided  into  20,000  parts,  but  this  type 
IS  rarely  used  for  practical  work. 

In  all  the  preceding  methods  potential  difference  is  measured 
mdirectly  or  by  comparison.  Instruments  have,  however,  been 
devised  which  indicate  directly,  in  volts,  the  difference  of  potential 
between  any  two  points  ;  such  instniments  are  called  voltmeter^' 
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That  invented  by  Major  Cardew  is  very  reliable,  and  it  is  at  the 
same  time  simple  in  principle.  If  a  wire  is  heated  it  increases  in 
length.  This  linear  expansion  or  extension  is  proportional  to  the 
product  of  the  rise  in  temperature  and  the  coefficient  of  expansion 
for  the  particular  wire.  The  coefficient  of  linear  expansion  is 
defined  as  the  elongation  of  a  body  of  unit  length  when  its 
temperature  rises  from  zero  to  one  degree  (Centigrade),  and  this 
coefficient  or  proportional  extension  for  platinum  is  0*0000088,  so 
that,  for  an  increase  in  temperature  of  10®  C,  a  yard  of  platinum 
wire  would  be  extended  to  1*000088  yards.  By  measuring  the 
amount  of  extension  produced  by  heating  a  wire,  the  increased 
temperature  can  therefore  be  inferred.  Now,  when  a  current  of 
electricity  passes  through  a  wire  it  performs  a  certain  amount  of 
work  in  Overcoming  its  resistance,  and  the  generation  of  heat  is 
the  result 

The  rise  in  temperature  resulting  from  the  generation  of  a 
certain  amount  of  heat  does  not,  however,  bear  a  simple  ratio  to 
that  amount  of  heat  It  depends,  in  fact,  upon  the  time  or  dura- 
tion of  the  current  and  the  specific  heat  or  calorific  capacity  of  the 
particular  substance.  The  former  of  these  factors  is  so  exceedingly 
apparent  that  we  need  not  further  enlarge  upon  it  The  specific 
heat  of  a  body  is  defined  as  that  quantity  of  heat  which  it  absorbs 
when  its  temperature  rises  through  a  given  range — say  from  zero 
to  I®  C. — as  compared  with  the  quantity  of  heat  which  would 
be  absorbed  by  an  equal  mass  of  water  when  its  temperature  is 
exalted  through  the  same  range.  If,  for  example,  a  pound  of 
mercury  at  100®  C.  is  mixed  with,  or  placed  in,  a  pound  of  water 
at  zero,  the  temperature  of  the  mixture  will  only  be  3**  C,  so  that, 
while  the  mercury  has  lost  97^.the  equal  mass  of  water  has  only 
increased  3®,  or,  in  simple  language,  a  quantity  of  water  absorbs 
about  thirty-two  times  as  much  heat  as  an  equal  weight  of  mercury, 
in  undergoing  the  same  exaltation  of  temperature.  The  specific 
heat  of  water  being  taken  as  unity,  that  of  mercury  is  therefore 
0*03332.     Similarly,  the  specific  heat  of  platinum  is  0-03244. 

The  variation  in  the  temperature  of  a  wire  due  to  an  increment 
or  decrement  of  heat,  depends  also  upon  its  weight  or  its  sectional 
area,  for  it  will  be  evident  that  if  two  wires  of  similar  material  and 
of  equal  resistance,  but  of  different  gauge  or  different  weight  - 
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such,  for  example,  as  a  given  length  of  platinum  wire  weighing 
one  gramme,  and  another  platinum  wire,  twice  as  long,  but  weigh- 
ing foin:  grammes  (offering,  therefore,  equal  resistances) — have  the 
same  current  passed  through  them,  they  will  not  be  raised  to  the 
same  temperature,  although  the  amount  of  heat  actually  developed 
will  be  the  same  in  each  case.  This  follows  from  the  fact  {hat  in 
the  one  case  there  is  more  material  to  heat  than  in  the  other. 

When  a  current  of  electricity  passes  through  a  wire,  and  per- 
forms a  certain  amount  of  work  in  overcoming  its  resistance;  the 
equivalent  of  the  quantity  of  energy  absorbed  in  the  performance 
of  this  work  is  seen  in  the  development  of  a  definite  amount  of 
heat  which  is  imparted  to  the  wire.  The  heat  (h)  developed  in  a 
unit  of  time  is,  in  fact,  directly  proportional  to  the  amount  of  power 
expended  in  overcoming  the  resistance  of  the  conductor — that  is  to 
say,  it  is  proportional  to  the  product  of  the  difference  of  potential,  e; 
between  its  extremities,  into  the  strength  of  the  current  c,  which 
is  maintained  through  it,  or  H  :  £  c.  If  the  resistance  of  the  wire 
remains  constant,  the  value  of  c  varies  directly  as  e  ;  by  doubling 
E,  c  is  also  doubled,  and  the  heat  developed  then  varies  as  the 
square  of  e. 

Again,  the  heat  unit  is  defined  as  that  amount  of  heat  which  is 
required  to  raise  i  gramme  of  water  through  i*  C,  in  temperature^ 
and  a  potential  difference  of  i  volt  maintained  through  a  resist- 
ance of  I  ohm  develops  0*24  such  heat  units  per  second — that 
is  to  say,  the  number  of  heat  units,  h,  developed  in  /  seconds,  is 

H  s  0*24  X  £  C  /• 

As  E  =s  c  R,  it  follows  that  E  c  =  c*  R,  so  that  the  formula 
may  also  be  expressed  by  saying  that 

H  =  0-24  X  c*  R  /. 

Collecting  all  these  facts  into  one  simple  formula,  where  i^ 
represents  the  rise  in  temperature  in  Centigrade  degrees,  £  the 
potential  difference  in  volts,  c  the  current  strength  in  amperes, 
/  the  time  in  seconds,  /;  the  specific  heat,  ^  the  weight  of  the  metal 
in  grammes,  and  0*24  the  constant  which,  as  pomted  out  above,  is 
necessary  to  obtain  a  result  on  the  Centigrade  scale,  we  may  say 

that  1**  =  0-24  X  ^  V=  0*24  X  ^'^/ , 
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so  that  a  current  of  one  ampere,  flowing  for  one  second  through 
I  gram  no  of  water  (whose  specific  heat  is  i*o^,  and  offering  i 
ohm  resistance,  involving,  therefore,  a  potential  differ&nci:  of  z 
volt,  would,  if  all  the  cncrg)-  expended  were  de^-oted  to  the  genera- 
tion  of  heat,  be  raised  0*2 4*  C.  in  temperature. 

Similarly,  if  the  same  current  were  maintained  throuffh  a 
•platinum  wire  of  the  same  weight  and  resistance^  the  uicreaae  of 
temperature  would  be 

o                       EC/  ,1X1X1  4 

T®  =  0*24  X ' ,    =s  0*24  X   -w_— .   =a  o  24  X-       ' 

^  h  IX  0*03244  0*03244 

=  7  •4*  C,  nearly. 

In  the  Cardew  voltmeter  a  length  of  very  fine  platinum-silver 
wire  is  employed,  and  is  heated  by  the  passage  ox  the  currents 
whose  E.M.F.  it  is  desired  to  test  In  each  test,  therefore,  g  and  h 
retain  the  same  values,  and  by  limiting  the  increase  of  tem^rature 
to  a  few  degrees,  the  \trj  slight  vanation  of  R  becomes  a  negligible 
quantity.  Similarly,  by  employing  a  fine  wire,  it  speedily  rise5.to 
such  a  temperature  that,  with  any  given  current,  the  loss  of  heat 
due  to  radiation  equals  in  amount  that  which  is  developed  by  the 
current.  The  only  really  variable  quantities,  therefore,  are  k  and 
c.  But,  as  already  pointed  out,  c  varies  uniformly  with  e,  and  if 
the  facilities  for  radiation  remain  the  same,  the  increase  of  tem- 
perature, and  with  it  the  elongation,  will  always  he  the  same  for 
any  given  value  of  f.  Hence,  the  amount  of  elongation  can  be 
made  to  indicate  the  potential  di/Terence  maintained  between  the 
extremities  of  the  wire. 

Simple  as  the  principle  is,  the  construction  of  a  reliable  practical 
instrument  is  a  matter  of  some  difficulty,  and  an  enormous  amount 
of  experimental  work  has  been  performed  m  determining  the  exact 
sources  of  error  to  which  a  Cardew  voltmeter  is  liable.  Fig.  98 
illustrates  the  form  of  this  instrument  adopted  by  Messrs.  Goolden 
after  an  exhaustive  series  of  experiments  extending  over  a  number 
of  years,  and  in  it  the  inherent  sources  of  variation  and  error  are 
practically  eliminated  The  outer  casing  is  removed  to  show  the 
essential  parts  as  viewed  from  the  back. 

The  platinum-silver  wire  is  0*0025  inch(2.J  mil*)  in  diameter, 
and  is  fixed  at  one  end  to  the  small  brass  block  m.    Thence  it 
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is  led  round  one  of  two  grooved  pulleys  supported  by  a  ring  at  the 
ends  of  two  metal  rods,  g  h^  which  are  about  36  inches  long,  and 
are  fixed  to  the  brass  base-plate.  From  this  pulley  the  wire  returns, 
and  is  passed  round  a  small  pulley,  c;  thence  it  is  led  to  the 
second  pulley  at  the  top  of  the  rods,  and  is  finally  terminated  at 
the  small  brass  block  n.  The  brass  pieces  ///  and  n  are  supported 
by  the  insulating  block  of  varnished  vulcanised  fibre,  which  is 
securely  fastened  to  the  brass  base-plate,  and  m  and  H  are  con- 
nected each  to  one  of  the  main  terminals  of  the  instrument,  which 
are  insulated  by  ebonite  or  fibre  collars  from  the  brass  casing.  The 
wire  should  pass  round  the  pulleys  at  the  top  of  the  rods  in  such  a 
manner  that  a  pull  ^t*  c  on  the  two  centre  wires  would  cause  both 
pulleys  to  rotate  in  the  same  direction,  and,  the  spindle  being 
pivoted  in  jewelled  holes,  the  friction  is  reduced  to  a  minimimi. 

The  small  part,  r,  referred  to  as  a  pulley,  only  acts  as  such 
during  the  wiring  of  the  instrument,  as  the  extension  of  the  wire 
when  the  apparatus  is  subsequently  used  does  not  cause  it  to 
rotate.  It  is  made  oi  vulcanised  fibre,  with  a  small  groove  round 
its  circumference  in  which  the  wire  lies,  and  is  fixed  by  a  small 
screw  passing  loosely  through  its  centre  to  'One  end  of  the  thin 
brass  strip  t,  the  other  end  of  which  has  attached  to  it  a  fine 
platinum-silver  wire,  w,  connected  to  the  spiral  spring  s.  The 
tension  of  this  spring,  which  can  be  varied  by  means  of  the  ad- 
justing screw  A,  keeps  the  wires  taut,  and  when  the  main  terminals 
are  connected  to  points  in  a  circuit  at  different  potentials,  a  cur- 
rent passes — say  to  the  block  m  -n^  the  wire,  and  round  the  first 
pulley  back  to  the  insulating  reel,  c ;  thence,  again,  to  the  top  of 
the  instrument,  round  the  second  pulley,  and  back  by  way  of  n  to 
the  other  terminal.  This  current  heats  the  wire,  which  expands, 
and  the  slack  is  immediately  taken  up  by  the  spiral  spring  s,  so 
that  the  small  brass  strip  t  and  the  wire  w  are  moved  through  a  , 
distance  equal  to  the  expansion  of  huo  lengths  of  the  heated  wiire. 
The  amount  of  expansion  (and  therefore  of  the  potential  difference 
applied)  is  measured  by  observing  the  distance  through  which  the 
length  of  wire  w  is  moved ;  but  as  this  distance  is,  at  the  most, 
extremely  small,  some  mechanical  multiplying  arrangement  is 
necessary,  and,  since  the  force  producing  the  movement  is  also 
very  feeble,  great  care  must  be  exercised  in  avoiding  the  introduc  - 
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tion  of  any  appreciable  friction.  This  result  is  attained  by  the 
use  of  a  jewelled  watch  movement.  The  wire  w  is  led  round  a 
small  pulley,  /,  fixed  upon  the  same  spindle  as  a  toothed  wheel,  r^ 
which  gears  into  a  small  pinion,  the  spindle  of  which  carries  a  long 
needle  or  pointer,  passing  over  a  scale  plate  at  the  back  o^  and 
not  visible  in,  the  figure.  When  the  wire  is  extended  by  the 
current,  the  spring  s  causes  the  pulley/  to  turn  through  a  small 
angle,  and  with  it  also  the  wheel  r,  the  pinion,  and  the  pointer  ; 
and,  as  the  diameter  of  the  wheel  is  much  greater  than"  that  of  the 
pinion,  the  pointer  is  turned  through  a  laiige  angle  by  a  compara-! 
tively  small  extension  of  the  \rire 

The  passing  of  the  Avire  w  round  the  pulley  so  as  to  get  a  reli- 
able grip,  and  at  the  same  time  avoid  friction  or  risk  of  damage  to 
the  fine  wire,  is  a  more  difficult  matter  than  might  at  first  sight 
appear,  and,  like  every  other  detail,  has  received  much  study 
before  the  method  now  employed  was  finally  adopted. 

The  pulley  is  shown  separately  in  fig.  99.  It  has  two  narrow- 
parallel  grooves  round  its  circumference,  at  one  part  of  which 
(where  it  is  filed  away  flat)  two  set-screws  are  fixed,  both  screwed 
up  home.  The  wire  is  led  from  x  round  the  first  groove  to  the 
screw-heads,  between  which  it  passes  over  to  the  second  groove, 
in  which  it  completes  its  journey  round  the  pulleV)  and  is  then  led 
to  the  spiral  spring. 

The  wire  is  so  fine  that  it  Avould  not  bear  being  pinched  under 
the  screw-heads,  but  the  arrangement  described  effectually  over- 
comes any  tendency  to  slip ;  and  as  the  pulley  only  moves  through 
a  small  angle,  never  making  a  complete  revolution,  no  sensible 
friction  is  introduced.  Insignificant  as  this  detail  may  appear,  it 
is,  as  already  indicated,  very  important,  and  the  same  remark 
applies  to  the  shape  of  the  spiral  spring  s  and  to  the  material  of 
which  it  is  composed.  The  gradual  alteration  o^.this  spring  was 
found  to  be  the  main  cause  of  the  slight  variation  firom  zero  which 
was  frequently  observed  in  the  earlier  instruments.  It  is  necessary 
that  the  tension  of  this  spring  should  remain  constant ;  and  the 
difficulty  has  been  surmounted  by  {a)  choosing  a  spring  least  liable 
to  vary,  spiral  in  form  and  of  German  silver,  and  (^)  providing  a 
thumbscrew  a  on  the  outside  of  the  case,  by  turning  which  the 
pointer  can  be  readily  restored  to  rero  should  it  become  necessary 
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Although  ther^  are  four  straight  lengths  of  wire,  equally  heated,  it 
will  be  remembered  that  the  expansion  measured  is  only  equal  to 
that  of  two  lengths,  ibr,  since  c  dpes  not  rotate,  its  movement 
would  be  the  same  if  one  of  the  wires  Were  rigidly  fixed  to  it  and 
the  other  removed.  But  it  will  be  noticed  that  the  tension  due  ta 
the  spiral  spring  is  equally  distributed  betwei^n.  the  two  wires  lead- 
ing from  r,  and  this  affords  the  great  advantage  that  double  the 
tension  can  be  given  to  the  spring,  which  means  that  the  force 
with  which  the  pulley/  is  turned  can  be  doubled,  and  any  slight 
error  due  to  friction  correspondingly  reduced,  without,  at  the  same 
time^  necessitating  the  adoption  of  a  .comparatively  Ihick  wire. 
The  wheel  work  is  well  made,  l>ut  it  is  of  course  impossible  to  alto- 
gether avoid  'back-lash'—  that  is  to  say,  as  the  teeth  of  the  driving- 
wheel  do  not  fit  tight  between  the  teeth  of  the  pinion,  the  latter 
does  not  begin  to  move  absolutely  at  the  same  moment  that  the 
driving-wheel  does  when  its  motion  is  reversed.  To  avoid  the 
slight  error  which  this  might  cause,  a  hair-spring  is  fixed  to  the 
pinion  spindle.  This  spring  is  visible  in  fig,  98,  the  pinion  being 
immediately  behind  and  therefore  hidden  by  it  It  is  adjusted  so 
as  to  maintain  suf^cient  pressure  between  the  teeth  of  the  wheel  and 
pinion  to  keep  them  always  in  contact,  so  that  in  either  direction 
the  two  move  simultaneously. 

The  whole  of  the  casing  is  of  brass,  wood,  from  its  liability  to 
warpt' being  wholly  unsuitable  ;  but  it  is  clear  that  th^^rods  IgJi^ 
fig.  98)  cannot  be  .made  of  that  metal,  as,  its. coefficient  of  ext>an- 
sjon  being  higher  than  that  of  platinum  silvel*,  it  would  expand 
more  than  the  wire  with- any  rise  of  temperSiture,.  atmospheric  or 
otherwise,  and  eaus^  a  deflec^tioh  of  the  pointer.  On  account  of 
the  experise,  platinum-silver,  cannot  .be  employed  for  this  purpose. 
Iron  has,  however,  a  lower  coefficient  of  expansion,  than  the  wire, 
and  the  rods  are  therefore  made  partly  of  iron  and  partly  of  tSrass, 
the  length  of  these  parts  being  so  proportioned  that  the  greater 
expansion  or  contraction  of  the  brass  shall  be  neutralised  by  the' 
lesser  expansion  or  contraction  of  the  iron,  and  the  whole  rod  vary 
in  length  in  exactly  the  same  proportion  as  the  wire  itsel£  The 
wires  are  encased  throughout  their  length  by  a  brass  tube  which 
can  easily  be  rennoved,  and  the  arrangement  of  the  pulleys, 
together  with  an  opening  in  the  supporting  ring  to  which  they 
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are  attached,  facilitates  the  re-wiring  of  the  instrument  In 
order  to  prevent  damage  to  the  working  wire  by  the  accidental 
passage  of  a  too  powerful  current,  a  safety  fuse  is  inserted  in  series 
with  it,  consisting  of  a  short  length  of  platinum-silver  wire, 
0*0014  inch  (if  mils)  in  diameter,  which  fuses  and  breaks  the  cir- 
cuit  before  the  current  attains  sufficient  strength  to  fuse  the  thicker 
working  wire.  This  fuse-wire  is  placed  in  a  slit  along  the  fiice 
of  a  rectangular  strip  of  vulcanised  fibre,  each  end  being  ter- 
minated  at  a  round-headed  brass  screw  in  the  end  of  the  block, 
which  is  firmly  held  between  two  flat  springs  making  contact  with 
the  screw-heads,  one  spring  being  connected  to  m  and  the  other 
to  the  left-hand  terminal.  Several  such-fuse-wire  blocks  can  be 
kept  at  hand,  and  the  replacing  of  a  fuse  is  then  but  the  work  of 
a  moment  Connection  between  n  and  the  other  terminal  is  made 
by  a  stout,  stiff  wire. 

This  type  of  instrument,  in  which  the  wires  are  supported  by 
the  two  compound  rods,  and  in  which  the  tube  slipped  over  them 
simply  acts  as  a  casing  to  protect  the  wires  from  air  currents  and 
damage,  is  designed  for  use  with  the  tube  in  a  vertical  position, 
the  end  at  which  the  pulleys  are  fixed  being  placed  uppermost 
Now,  as  soon  as  the  wire  gets  hot,  i^-  heats  the  adjacent  air,  which, 
being  displaced  by  colder  air,  rises,  and  consequently  currents  are 
set  circulating  in  the  tube.  The  result  is  that  when  the  pointer  b 
deflected  a  slight  oscillation  may  be  observed,  sufficient  to  prevent 
the  value  of  the  potential  difference  being  read  with  certainty  to 
within  half  a  volt  This  oscillation  can  be  entirely  eliminated  by 
simply  placing  the  tube  in  a  horizontal  position,  for  the  whole 
length  of  the  wire  then  lies  in  a  more  evenly  heated  atmosphere, 
in  which  such  air  currents  as  rise  from  it  are  feebler  and  more 
uniform  in  their  distribution  in  relation  to  the  wire* 

A  more  accurate,  though  more  expensive,  instrument  is  made 
by  dispensing  with  the  rods  and  fixing  the  jewelled  pulley  bearings 
in  the  end  of  the  tube  itself  which,  of  course,  is  then  compounded, 
being  made  of  brass  and  iron  in  the  necessary  proportions.  Such 
instruments  are  pre-eminently  adapted  for  experunental  work,  on 
account  of  their  extreme  accuracy,  and  are,  of  course,  alwasrs 
employed  in  the  horizontal  position.  The  rod  pattern  (which  can 
also  be  used  horizontally)  is,  however, 'a  first-rate  piece  of  ap- 
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paratus  for  the  engine-room  or  workshop,  where  a  possible  error 
of  half  a  volt  in  the  reading  is  a  matter  of  little  moment,  and  it 
has  the  advantage  that  the  working  wire  can  be  more  easily 
replaced  than  in  the  tube  form.     The  voltmeter  fio.  zoo. 

illustrated  is  capable  of  measuring  from  30  to 
C20  volts.  The  calibration  is  carefully  per- 
formed, the  wire  being  continually  heated  by 
the  passage  of  a  current^  and  stretched,  for  some 
days  previously,  to  bring  it  to  its  normal  con- 
dition. As  it  is  the  heating  of  the  wire  which 
affords  a  measure  of  the  electro-motive  force, 
the  *  heating-error '  peculiar  to  most  voltmeters 
is  here  entirely  absent,  and  the  instrument  may 
be,  and  in  fact  is,  kept  continually  connected  up 
for  days  and  weeks  together.  For  the  same 
reason,  the  reading  is  unaffected  by  the  presence 
of  external  currents  or  any  electro-magnetic 
field,  and,  as  iron  is  not  employed  and  the  wire 
is  not  coiled,  its  self-induction  is  practically  nil. 
Hence,  alterna^ting  potential  differences  can  be 
measured ;  but  it  must  be  remembered  that  this 
same  absence  of  self-induction  in  the  instrument, 
in  allowing  a  current  to  rise  suddenly  to  its  full 
value,  limits  the  range  through  which  the  fuse 
can  protect  the  working  wire ;  for,  although  the 
fuse  acts  with  certainty  if  the  current  rises  at  all 
gradually,  a  very  sudden  application  of  a  very 
high  E.M.F.  would  develop  a  heavy  current  in- 
stantaneously, fuse  and  wire  being  melted  simul-  ^^, 
taneously.  ffi\  \ ' 

Fig.  100  is  a  general  view  of  the  Cardew  ^  ~ 
voltmeter  as  made  by  Messrs.  Paterson  & 
Cooper,  the  internal  portion  of  the  apparatus,' 
as  viewed  from  the  rear,  being  shown  in  fig.  loi.  The  instrument 
consists  of  a  long  piece  of  platinum-silver  wire,  0*0025  "*ch  in  dia- 
meter, and  passing  up  and  down  the  long  tube  over  frictionless 
pulleys  supported  by  the  tube.  One  end  of  the  wire  is  rigidly 
fixed,  the  other  end  being  attached  to  a  silk  thread  which  1 
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round  a  small  spindle  and  is  kept  stretched  by  means  of  the  wire 
bow-spring  shown  in  the  lower  portion  of  the  figure,  llie  wire, 
therefore,  which  would  otherwise  sag  or  slacken  on  being  heated, 
is  kept  taut,  acting  and  reacting  with  the  spring.  The  spindle 
round  which  the  thread  passes  is  geared  on  to  the  axle  carrying 

the  indicating  needle  which 
travels  over  the  face  of  the 
dial ;  so  that  the  elongation 
due  to  the  varying  tempera- 
ture brought  about  by  the 
different  e.m.f.'8  can  be 
readily  indicated. 

A  fine  platinum-silver 
wire  fuse  is  introduced  be- 
tv/een  the  brass  sbips  on 
the  left  of  the  figure.  The 
long  tube  which  carries  the 
wire  is  in  two  i)arts,  one  of 
brass  and  the  other  of  iron, 
so  as  to  allow  it  to  expand 
equally  with  the  wire  under 
atmospheric  duinges. 

The  instruments  are 
usually  made  to  register  up 
to  120  volts,  but  the  values 
of  the  readings  can  very 
easily  be  increased  by  inserting  in  the  circuit,  in  series,  resistance 
coils  of  various  multiplying  powers.  Thus,  if  a  coil  equal  in  re- 
sistance to  the  wire  in  the  voltmeter  were  introduced,  it  would 
exactly  halve  the  potential  difference  of  the  current  at  the  terminals 
of  the  voltmeter  due  to  any  particular  E.M.F.  Manifestly,  such  a 
coil  would  have  a  multiplying  power  of  two,  while  a  coil  of  three 
times  the  resistance  would  reduce  the  proportion  of  potential 
difference  absorbed  by  the  voltmeter  to  one-fourth,  and  therefore 
have  a  multiplying  power  of  four.  These  resistance  coils,  how- 
ever, must  not  be  of  the  ordinary  type.  The  wire  should  be  of 
platinum -silver,  of  the  same  gauge  as  in  the  voltmeter,  and  in 
order  to  produce  exactly  equal  facilities  for  radiation  it  should  be 
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bare,  and,  for  convenience,  it  may  be  stretched  over  a  kind  of* 
rectangular  framework  madq  by  attaching  two  rods  of  slate  to  a 
couple  of  strips  of  wood,  notches  being  mad^  in  the  slate  to  receive 
the  wire  and  prevent  one  portion  slipping  into  contact  with  another. 
The  wire  and  framework  are  enclosed  by  pieces  of  thin  sheet  iron. 

The  ordinary  Cardew  voltmeter,  although  the  best  and  most 
useful  instrument  for  the  measurement  of  high  voltages,  is  not 
available  for  the  estimation  of  low  potential  differences,  owing  to 
the  exceedingly  small  elongation  due  to  the  slight  rise  in  tempera- 
ture, and  the  consequent  vagueness  of  the  reading  which  would 
result  therefrom. 

Recognising  the  necessity  for  the  production  of  an  instru- 
ment capable  of  measuring  low  e.m.f.'s— more  particularly  for 
testing  the  voltage 
of  secondary  cells — 
Major  Cardew  has  just 
designed  one,  the 
working  parts  being 
shown  in  fig.  102. 
The  range  is  from  0*5 
to  a '5  volts,  the  scale, 
as  shown  in  fig.  Z03, 
being  divided  into 
tenths  of  a  volt. 

Two  pieces  of 
platinum-silver  wire,  c 
and  D  (fig.  102),  are 
kept  taut  by  means  of 
the  upright  bows,  a  b. 
The  indicating  needle 
p  is  supported  and 
held  in  position  by  two 
horizontal  pieces  of  wire  and  a  couple  of  spiral  springs.  The 
lower  ends  of  the  wires  c  d  are  connected  to  terminals  on  the  case 
of  the  instrument,  so  that  when  a  current  passes  through  the 
instrument  it  travels  up  one  wire  and  across,  by  way  of  the  thicker 
part  of  the  needle,  to  the  other  wire.  This  current  raises  the 
temperature  of  the  wires  c  and  d,  which,  by  their  consequent  ex 
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tension,  allow  the  upper  ends  of  the  l>ow8  to  approach  each  other. 
This  motion  is  transmitted  by  means  of  the  stiff  horizontal  wireK 
to  the  needle,  which  therefore  travels  over  the  scale  from  right  to 
left     In  the  figures  the  needle  is  shown  over  the  centre  of  the 

scale  as  if  deflected  by 
the  application  of  an 
E.M.r.  of  J '33  volts. 
It  will  be  observed 
that  there  is  absolutely 
no  friction  a  most, 
important  feature, 
which,  as  a  matter  of 
fact,  renders  the  in> 
strument  a  possibility. 
It  is  also  an  inexpen- 
sive piece  of  apparatus. 
Professors  Ayrton 
and  Perry  have  intro- 
duced another,  but 
somewhat  more  com- 
plicated, modification 
of  the-  Cardew  volt.  ' 
meter,  which  is  capa- 
ble of  accurately  measuring  low  potential  differences,  and  indi- 
cating small  fractions  of  a  volL  The  principle  upon  which  this 
apparatus  is  constructed  will  be  easily  understood  by  a  reference 
to  the  diagram,  fig.  104.  w  w  is  a  short  piece  of  platinum- 
ailvcr  wire,  0-0014  inch  in  diameter.  The  ends  of  this  wire  are 
held  rigidly  by  the  terminal  screws  a  and  b.  The  centre  of 
the  wire  rests  in  a  stirrup  supported  by  the  magnifying  spring  m, 
which  is  similar  to  that  illustrated  in  fig.  61.  The  upper  end 
of  the  spring  carries  a  pointer  p,  and  is  kept  in  position  by 
a  piece  of  fine  wire,  c  d,  fixed,  at  its  upper  extremity,  to  the 
support  s.  On  a  comparatively  feeble  current—that  is  to  say,  a 
current  caused  by  a  small  difference  of  potential— passing  through 
the  wire  w,  it  is  elongated  and  the  sag  is  increased.  The  tension 
on  the  spring  is  thereby  reduced,  and,  the  lower  end  being  fixed, 
the  upper  end  revolves  and  carries  the  pointer  with  it     The  pointer 
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moves  over  a  dial,  and  indicates  directly  the  amount  of  coUing  to 
which  the  spring  is  subjected  by  the  sag  on  the  wire.  So  sensitive 
is  this  arrangement  that  when  the  initial  sag  on  the  wire  is  com- 
paratively small— that  is  to  say,  when  the  wire  is  stretched  almost 
in  a  straight  line  between  the  terminals  sufficient  change  in  the 
sag  results  from  the  application  of  a  potential  difference  of  eight 
or  ten  volts  at  the  extremities  of  a  wire  eight  inches  long,  to  pro- 
duce, when  magnified  by  the  spring,  a  complete  rotation  of  the 
pointer. 

I^  in  a  voltmeter  of  this  kind,  the  wire  is  further  shortened, 

Flo.  J04. 


the  instrument  will  indicate  a  still  lower  potential  difference, 
because  the  shortening  decreases  the  resistance,  and  so  augments 
the  current  resulting  from  a  given  potential  difference,  and  also 
because,- the  mass  of  the  wire  being  reduced,  its  temperature  nses 
higher  with  a  given  quantity  of  heat.  But  the  wire  cannot  be 
shortened  indefinitely,  as  it  is  so  fine  that  the  temperature  beyond 
which  it  is  unsafe  to  work  is  quickly  reached.  It  is,  however, 
possible  to  obtain  the  first- mentioned  effect  without  the  second. 
For  instance,  in  the  case  of  what  may  be  called  the  bicycle-wheel 
form  of  instrument  (fig.  105),  the  whole  of  the  wires  can  be  joined 
in  series,  or  grouped  variously  in  parallel.  In  the  latter  case,  the 
resistance  being  much  decreased,  the  stronger  current  develops  a 
greater  amount  of  heat  in  the  spokes,  thus  affording  a  means 
by  which  an  instrument  may  be  used  for  much  lower  potential 
differences  than  it  can  be  with  the  spokes  in  series.    The  mass 


ig^ 


Electrical  Engineerings 


CKAP,  Yl. 


Fic.  Z05. 


of  metal  affected  by  the  heat  is,  however,  the  same  m  either 
case. 

The  design  of  this  form  of  the  instrument  is  mgenious.  Round 
a  ring  of  metal  a  number  of  non-conducting  studs,  a  b  c,  &c.,  are 
fixed.     There  is  also  a  small  non-conducting  central  piece,  p,  to 

which  a  magnifying  spring  is 
attached,  at  right  angles  to  the 
plane  of  the  ring.  One  end 
of  the  wire  is  attached  to  the 
stud  £,  and  passes  to  and  fro 
between  the  hub  or  centre- 
piece p  and  the  various  studs, 
the  other  end  being  fixed  to 
the  stud  F.  This  device  has 
the  advantage  that  every  por- 
tion of  the  wire  is  affected  by 
the  current,  so  that  there  is  no 
need  to  introduce  resistance 
ooils  into  the  external  circuit 
to  indicate  the  higher  voltages,  all  that  is  necessary  being,  as 
already  indicated,  to  join  the  '  spokes '  in  series. 

Fig.  106  is  a  general  view  of  one  of  these  hot  wire  voltmeters, 
constructed  to  measure  the  alternating  potential  difference  at  the 
terminals  of  a  coil  used  in  electrical  welding,  which  ranges  between 
I  and  2  volts.  The  scale  is  6  inches  in  diameter  and  divided  into 
hundredths  of  a  volL 

In  the  original  instruments,  the  principle  of  which  is  illustrated 
in  figv  104,  the  pull  of  the  magnifying  spring  m  was  counterbalanced 
by  the  pull  of  the  platinum-silver  wire  w  w  attached  to  the  ter- 
minal blocks  ;  but  in  the  recent  form,  of  which  fig.  107  is  a  hori- 
zontal section,  both  these  pulh  act,  in  order  to  economise  space, 
in  the  same  direction,  and  are  counterbalanced  by  the  fiat  spring  s. 
Hence,  as  the  wire  stretches,  the  magnifying  spring  M"  is  stretched, 
and  the  pointer  P  (provided  with  a  number  .of  fine  hairs  for  damp- 
ing without  any  great  inertia)  rotates  in  front  of  the  dial.  The 
fiat  spring  s  has  therefore  the  effect  of  reducing  the  dimensions  of 
the  instrument,  and  it  also  allows  of  the  adoption  of  a  neat 
arrangemet\t  for  a  fuse,  to  protect  the  wire  from  an  overstrong 
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current  In  the  ordinary  Cardew  voltmeter,  with  a  wire  two  yards 
in  length,  the  introduction  of  a  short  fuse  which  will  melt  with  a 
current  just  too  small  to  damage  the  instrument  does  not  seriously 
inorease  the  resistance  or  diminish  the  sensibility  ;  but  in  thi« 
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modification,  which  sometimes  contains  only  8  inches  of  wu-e,  the 
introduction  of  such  a  fuse  Would  considerably  diminish  the  sensi-' 
bility,  aQ.d  it  is  practically  impossible  to  diminish  the  length  of  the 
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fuse  in  proportion  to  the  length  of  the  working  wire,  in  consequence 
of  the  fact  that  the  metallic  blocks  to  which  the  fuse-wire  would 
have  to  be  attached  would  conduct  the  heat  away  so  rapidly  as  to 
prevent  an  extremely  short  piece  of  wire  froih  melting.  To  over- 
come this  difficulty  a  fuse,  f,  is  employed,  of  such  a  diameter  that 
it  would  require  a  far  larger  current  to  melt  it  than  would  suffice 
to  damage  the  instrument  ^  A  small  platinum-tipped  screw,  d, 
electrically  connected  with  the  wire  l,  passes  through  a  small 
insulating  block,  so  that  when  the  wire  w  w  stretches  by  any  pre- 
arranged percentage  beyond  the  amount  it  stretches  for  the  maxi- 
mum safe  potential  difference,  the  platinum  contact  c  on  the  flat 


Fig.  107. 


spring  s  makes  contact  with  the  screw  D,  and  the  workmg  wire  is 
consequently  short-circuited.  The  circuit  is  then  temporarily 
completed  through  the  screw  d,  a  portion  of  the  wire  l,  and  the 
fuse  F,  when  the  current  proportionally  increases  and  the  fuse  is 
melted  without  any  risk  of  damage  to  the  instrument  It  follows 
that  by  this  arrangement  a  thick  fuse-wire  can  be  employed,  offer- 
ing but  a  small  resistance  compared  with  that  of  the  working  wire, 
while  the  sudden  application  of  a  potential  difference  five  or  six 
times  as  great  as  the  maximum  potential  difference  the  voltmeter 
is  intended  to  measure,  melts  the  fuse  readily.  The  fuse  f,  key  k, 
and  terminals  v  v  are  shown,  for  simplicity  sake,  detached  from 
the  instrument,  their  actual  position  being,  of  course,  on  the  base. 
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It  may  be  added  that  the  sensitiveness  of  the  instrument 
depends  in  a  great  measure  upon  the  initial  sag  given  to  the  wire, 
and  great  care  is  therefore  exercised  in  this  part  of  the  adjust- 
ment 

We  come  now  to  a  consideration  of  the  means  adopted  to 
convert  the  instruments  which  we  described  in  Chapter  lY.  as 
available  for  the  measurement  of  current  strength,  and  which  are 
called  ammeters,  so  that  they  can  be  employed  as  voltmeters. 

An  ammeter  measures  directly  the  strength  of  the  ciurent 
flowing  through  its  coils,  and  thi^  current  is  proportional  to  the 
difference  of  potential  at  the  terminals  of  the  instrument  It 
might,  therefore,  at  first  sight  appear  that  any  ammeter  could  be 
used  to  measure  the  potential  difference  between  any  two  points 
by  simply  joining  it  up  to  them,  observing  the  strength  of  the  cur- 
rent flowing,  and  from  that  inferring  th6  difference  of  potential 
which  .maintains  it  But  the  very  act  of  connecting  two  points  in 
a  circuit  by  the  low  resistance  ammeter  would  alter  the  distribution 
of  the  potential  difference  considerably,  because  an  instrument  to 
measure  the  potential  difierence  absorbed  between  any  two  points 
in  any  portion  of  a  circuit  is  usually  applied  as  a  shunt 

Consequently,  although  the  ammeter  so  placed  would  conectly 
Indicate  the  potential  dififcrence  between  the  two  points  aftir  they 
were  so  joined,  it  would  give  no  information  as  to  their  condition 
before.  For  instance,  if  a  piece  of  German-silver  wire,  having 
a  resistance  of  5  ohms,  forms  part  of  a  circuit  through  which  a 
current  of  4  amperes  is  flowing,  we  know  that  the  difference  of 
potential  between  its  terminals  is  4  x  5  es  20  volts,  since  e  =  c  R. 

If  we  proceed  to  measure  these  volts,  by  connecting  an 
ammeter  having  a  fraction  of  an  ohm  resistance  to  the  ends  of  the 
wire,  we  shall  get  much  less  than  ao  volts,  for  the  resistance,  and 
therefore  the  fiedl  of  potential,  in  that  portion  of  the  circuit  will 
have  been  considerably  lowered  Although  the  total  current  in  the 
main  circuit  will  be  increased  by  this  lowering  of  the  total  resist- 
ance, the  ammeter  resistance  is  so  low  that  it  shunts  the  greater 
part  of  the  current  from  the  German-silver  wire  ;  ahd  supposing 
that,  in  consequence,  only  half  an  ampere  flows  through  that  wire, 
the  potential  difference  at  its  ends  will  becxRB-5X5sB2*5  volu 
only,  instead  'of  20. 
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In  order  that  the  introduction  of  me  instrument  should  make 
absolutely  no  alteration,  no  current  at  all  should  flow  through  it ; 
and  although  there  are  instruments  which  satisfy  this  condition, 
the  majority  are  only  suitable  for  use  in  the  laboratory.  If,  how- 
ever, we  take  any  ordinary  ammeter  and  wind  it  with  a  large  num- 
ber of  turns  of  fine  wire,  so  that  it  has  a  very  high  resistance,  it 
can  be  used  as  a  voltmeter  ;  for  its  resistance  will  be  too  great, 
and  the  current  which  passes  through  it  will  be  too  small,  to  make 
any  sensible  alteration  in  the  potential  difference  which  it  is 
measuring  ;  while,  on  the  other  hand,  the  large  number  of  turns  of 
wire  will  allow  the  feeble  current  so  flowing  to  produce  a  sufficiently 
strong  magnetic  field  to  actuate  the  movable  part  of  the  apparatus. 
For  instance,  one  of  the  ammeters,  described  in  Chapter  IV., 
when  wound  with  fine  wire  to  a  resistance  of  about  2,000  ohms, 
will  serve  to  measure  potential  differences  of  from  60  to  120  volts. 
Of  course,  it  can  and  must  be  '  calibrated  ^  for  reading  in  volts, 
in  the  same  way  that  the  ammeter  was  calibrated  for  reading  in 
amperes. 

One  important  source  of  error  must,  however^  be  guarded 
against ;  it  is  due  to  the  fact  that  a  current,  in  passing  through  the 
coils  of  a  voltmeter,  heats  the  wire  and  increases  its  resistance,  and 
consequently  a  given  difference  of  potential  will  send  a  weaker* 
current  through  the  coils  after  they  are  heated  than  before.  The 
instrument  will  therefore  indicate  a  lower  difference  of  potential 
than  that  which  actually  exists,  in  consequence  of  the  fact  that  it 
measures  the  potential  difference  by  the  strength  of  the  current  set 
up  by  that  difference.  For  this  reason  great  care  must  be  exer- 
cised to  prevent  the  coils  of  a  voltmeter  being  heated  to  any 
appreciable  extent  by  the  current,  and  in  order  to  secure  this  con- 
dition a  key  should  always  be  supplied  with  such  an  instrument. 
The  reading  can  then  be  taken  immediately  the  circuit  through 
the  coils  is  completed  by  the  depression  of  the  key,  and  before 
the  resistance  rises.  In  the  case  of  an  ammeter  the  resistance  of 
the  coils  is  so  very  low  that  but  little  heat  is  generated  therein, 
and,  the  size  of  the  wire  being  comparatively  great,  the  tempera- 
ture, and  therefore  the  resistance,  varies  but  slightly  Further,  as 
an  ammeter  is  not  used  as  a  shimt,  but  •is  placed  directly  in  the 
circuit,  it  is  virtually  free  from  this  *  heating  error,'  because,  under 
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all  circumstances,  the  strength  of  the  current  flowing  thix)ugh  it 
and  measured  by  it  is  the  same  as  that  in  the  rest  of  the  circuit 

The  Shuckert,  the  Steelyard,  and  the  Eccentric-iron-disc 
ammeters,  and  many  others  of  a  similar  character  which  we  have 
not  described,  can  be  converted  into  voltmeters  by  the  simple 
substitution  of  a  long-\nre  coil  of  high  resistance  for  the  short-wire 
coil  of  low  resistance,  and  this,  apart  from  the  calibration,  being 
the  only  essential  difference  between  these  types  of  instruments, 
there  is  no  need  to  further  enlarge  upon  them.  An  exception 
may  perhaps  be  made  in  the  case  of  Evershed's  Gravity  voltmeter, 
a  general  view  of  which  i&  given  in  fig.  108.  Its  moving  parts  are 
exactly  similar  to  those  of  the  Gravity  ^,^5^  ^^^ 

ammeter  shown  in  fig.  67,  but,  of 
course,  thin  wire,  offering  high  resist- 
ance, is  employed.  Only  a  portion 
of  this  wire  forms  the  actual  magnet- 
ising coil,  this  being  of  copper,  while 
the  remainder,  which  is  of  German 
silver,  is  wound  round  a  large  metallic 
cyUnder  inside  the  casing.  In  an 
instrument  indicating  up  to  no  volts 
the  total  resistance  would  be  rather 
over  2,000  ohms,  that  of  the  actual 
magnetising  coil  being  about  200  ohms,  so  that,  with  the  maximum 
potential  difference,  the  power  absorbed  is  only  6  watts;  and,  as 
the  temperature  coefficient  of  Germafl  silver  is  low,  as  also 
the  disposition  of  the  wire  gives  fairly  good  facilities  for  radiation, 
its  temperature  does  not  rise  appreciably.  Consequently,  the 
instrument  may  be  left  continually  on  the  circuit  without  causing 
any  error  worth  noticing  under  ordinary  working  conditions. 

For  cases  where  it  is  imperative  that  the  indications  should  be 
entirely  free  from  heating  error,  Mr.  Evershed  has  suggested  a  very 
ingenious  method  of  compensating  which  may  be  applied  to  this 
or  any  similar  voltmeter.  It  is  based  upon  the  observed  fact  that 
the  temperature  coefficients  of  metals  are  different — that  is  to  say, 
a  given  rise  of  temperature  causes  a  greater  increase  per  cent,  in 
the  resistance  of  some  metalsthan  of  others,  the  difference  in  certain 
coses,  such  as  copper  and  German  silver,  being  considerable.  The 
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magnetising  coil  proper  consists  of  German-silver  wire,  and  a 
higher  resistance  coil  of  copper  wire  is  wound  round  it  in  the 
reverse  direction,  as  indicated  in  fig.  109,  the  two  being  connected 
in  parallel,  so  that  the  copper  coil  not  only  forms  a  shunt  to,  but 
opposes  the  magnetic  effect  of  the  other  coil,  the  resultant  force 
acting  on  the  needle  being  due  to  the  excess  of  the  magnetic  effect 
of  the  German  silver  over  that  of  the  copper  coil.  The  wire  of  the 
latter  is  made  very  thin,  to  enable  the  necessary  resistance  to  be 
obtained  while  keeping  the  ampere  turns  sufficiently  low,  the 
number  of  ampere-turns  in  the  German-silver  coil  being  several 
times  greater  than  in  the  copper.     When  the  current  or  atmo 

Fig.  109. 


spheric  changes  cause  a  rise  in  temperature,  and  therefore  also  in 
resistance,  the  current  in  the  German-silver  coil  decreases  slightly, 
but  that  in  the  copper  coil  decreases  in  a  much  faster  ratio, 
because  the  temperature  coefficient  of  copper  is  so  much  greater  ; 
and  if  the  resistance^  and  diameters  of  the  two  wires  are  made 
such  that  the  current  in  the  copper  coil  decreases  just  fast  enough 
to  keep  the  difference  between  the  magnetic  effects  of  the  two 
coils  constant,  the  instrument  will  compensate  itself  for  any  varia- 
tion in  temperature.  Unfortunately,-  the  calculations  required  are 
somewhat  difficult,  and  the  copper  wire  must  be  extremely  thin, 
so  that  this  extremely  ingenious  method  has  not  yet  made  much 
headway. 

In  the  recent  development  of  electric  lighting  the  tendency  is 
towards  the  use  of  very  great  differences  of  potential,  much  greater 
than  any  we  have  hitherto  dealt  with.  In  one  case,  for  instance, 
it  is  proposed  to  work  at  a  potential  difference  of  x  0,000  volts. 
This  potential  difference  is  alternating,  thus  excluding  at  once  a 
large  number  of  measuring  instruments  ;  and  it  will  readily  bo 
conceived  that  those  which  we  have  described  as  capable  of 
measuring  alternating  potential  differences  could  not  well  be 
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modified  so  as  to  measure  up  to  10,000  volts.  A  voltmeter  has 
been  introduced  by  Sir  William  Thomson,  based  upon  the  well- 
known  elementary  fact  that  two  adjacent  bodies  at  different  poten- 
tials mutually  attract  each  other.  We  have  seen  that  a  simple 
way  of  establishing  this  difference  of  potential  is  to  rub  two  dis- 
similar substances,  such  as  a  piece  of  flannel  and  a  piece  of  sealing- 
wax,  together;  they  will  then  mutually  attract  each  other,  and 
the  force  of  this  attraction  might  serve  to  estimate  the  potential 
difference  between  them.  But  there  is  a  difference  of  potential 
between  th6L  two  poles  of  a  battery ;  if  these  two  poles  are  con- 
nected one  to  each  of  two  insulated  metal  conductors  (say  brass 
spheres),  the  spheres  will  be  at  different  potentials  and  will  attract 
each  other ;  the  force  of  attraction  is,  however,  too  feeble  to  cause 
any  perceptible  movement,  unless  very  delicate  refinement^,  un- 
suitable for  workshop  use,  are  resorted  to.  But  for  this  latter 
fact,  such  a  method  of  meast^ring  potential  difference  would  be 
perfect  in  one  respect,  for,  as  the  two  conductors  are  insulated,  no 
current  whatever  would  flow  from  the  battery,  and  we  might  there- 
fore measure  the  potential  difference  without  altering  it  during 
the  act  ofoneasurement.  The  use  of  this  *  electrostatic '  method, 
however,  becomes  practicable  in  the  case  of  several  hundred 
volts,  and  fig.  110  shows  Sir  William  Thomson's  voltmeter,  which 
is  based  upon  it 

One  conductor  is  fixed  and  the  other  movable  ;  the  fixed  one 
consists  of  two  butterfly-shaped  sheets  of  brass,  parallel  to  each 
other,  and  metallically  connected,  but  carefully  insulated  from  the 
rest  of  the  instrument.  The  movable  conductor  is  a  thin  alu- 
minium strip,  supported  at  its  centre  on  a  knife-edge,  and  moving 
freely  in  a  vertical  plane  exactly  midway  between  the  two  fixed 
brass  plates.  When  at  rest  the  movable  plate  or  strip  is  kept  in  a 
vertical  position  by  very  small  weights  placed  on  a  knife-edge  at 
its  lower  extremity.  If  a  difference  of  potential*  is  established 
between  the  fixed  plates  and  the  movable  'strip,  mutual  attraction 
results,  and  the  aluminium  tends  to  set  itself  in  a  position,  as  far 
as  possible,  inside  the  fixed  plates,  this  tendency  being  counter- 
acted by  the  weights  which  it  carries.  The  force  of  attraction  is 
proportional  to  the  square  of  the  potential  difference ;  the  movable 
conductor,  of  course,  comes  to  rest  when  the  forces'  due  to  the 
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electrostatic  attraction  and  to  gravity  balance,  and  this  position  of 
rest  is  indicated  by  a  light  pointer  moving  over  a  graduated  scale. 
This  scale  has  60  divisions,  which  represent  equal  differences  of 
potential,  and  a  large  range  is  obtained  by  varying  the  balancing 
weights.     \\'hen  a  weight  of  32  5  milligrammes  is  used,  the  pointer 

Fig.  no. 


moves  through  one  division  for  a  potential  difference  of  50  volts  ; 
with  130  milligrammes  one  division  corresponds  to  too  volts,  and 
with  520  milligrammes  to  .200  volts.  But  with  10,000  volts  or 
upwards  theteis  danger  of  sparking  between  the  plates  in  ^his 
particular  instrument ;  it  is,  however,  possible  t6  increase  the  dis- 
tance between  them,  and  then  to  measure  much  higher  by  thi5 
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method.  A  terminal  on  tl\e  left-band  side  of  the  case  is  connected 
to  the  fixed  brass  plates ;  while  one  on  the  right-hand  side  is 
joined  to  the  support  of  the  knife-edge,  thus  enabling  connection 
to  be  made  with  the  movable  aluminium  plate.  A  safety  fuse, 
consisting  of  a  piece  of  fine  copper  >vire  protected  by  a  glass  tube, 
is  introduced  between  the  fixed  plates  and  the  left-hand  terminal, 
so  that  should  a  spark  dart  across  between  the  plates,  the  fuse, 
wire  will  melt  and,  breaking  the  ckcuit,  prevent  the  establishment 
of  an  *arc' 
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CHAPTER  VIL 

ELECTRO-UAGNETS— ELECTRO-MAGNBTIC  INDUCTION.  . 

It  has  been  observed  that  the  air  space  in  the  neighbourhood  of 
a  wire,  in  which  the  effect  of  a  current  tzavelling  in  the  wire  is 
perceptible^  is  caUed  an  electro-magnetic  field,  and  that  the  direc- 
tion in  which-  the  force  in  this  field  acts  can  be  made  evident  by 
means  of  iron  filings,  which,  if  sprinkled  upon  a  sheet  of  paper 
with  the  wire  passing  through  it,  arrange  themselves  in  concentric 
circles  along  the  lines  of  force  round  the  wire.  And  further,  it 
will  be  remembered  that  some  substances  offer  greater  fiicilities 
than  others  for  the  propagation  of  these  lines  of  foroe^  and  that  it 
is  possible  to  alter  dieir  circular  form  by  bringing  near  them  some 
substance  through  which  they  pass  with  either  more  or  less  ease 
than  through  the  air.  The  relative  capability  possessed  by  any  sub- 
stance for  conducting  these  lines  of  force  is  known  as  its  'perme- 
ability,' and  it  is  obviously  desirable  that  some  method  of  definitely 
comparing  this  property  in  various  bodies  should  be  adopted.  The 
permeability  of  air '  can  be  taken  as  the  standard,  and  the  per- 
meability of  all  other  substances  measured  by  comparison  with  it 
If  a  piece  of  hard  steel  is  placed  in  any  magnetic  field,  many 
of  the  adjacent  lines  of  force  ate  bent  out  of  their  previous  shape, 
and  converge  into  the  steeL  More  lines  of  force,  therefore^  pass 
through  the  space  occupied  by  the  steel  than  passed  through  that 
same  space  when  occupied  by  air  alone.  Hence  we  conclude 
that  the  lines  of  force  pass  through  steel  more  readily  than  through 
Air,  or  the  permeability  of  steel  is  greater  than  that  of  air.  If^ 
again,  the  steel  is  replaced  by  a  piece  of  soft  i^n  of  similar  shape 
and  Mze,  even  more  lines  of  force  will  now  pass  through  the  i 


>  The  pflrmeabBlty  of  a  vacuum  is  tokM  as  QAi^  ;  tiist  o<  «lr  b  slmost  wactly 
<b«  same,  and  to  a  more  coovooient  ttandardt 
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space,  showing  that  the  permeability  of  soft  iron  is  still  greater 
than  that  of  steeL  In  fact,  the  permeability  of  any  substance 
might  be  measured  by  dividing  the  number  of  lines  of  fence  which 
pass  through  it,  by  the  number  which  pass  through  the  some  space 
when  the  substance  is  removed,  the  strength  of  the  mognetisinf; 
field- being  the  same  in  both  cases.  There  is,  however,  no  method 
available  for  determining  the  actual  number  of  lines  of  force  per- 
vading any  particular  space  or  substance.  The  nearest  approach 
to  such  a  desideratum  would  be  to  measure  the  relative  strength 
of  any  electro- magnetic  field,  or  of  any  given  portion  of  it,  because 
as  might  be  supposed,  the  strength  of  the  field  varies  directly  as 
the  number  of  lines  of  force  pervading  it  But  here  again  we  are 
beset  with  practical  difficulties,  for,  except  in  comparatively  simple 
cases,  even  this  is  not  ascertainable  directly,  and  can  only  b6 
deduced  from  othec  effects. 

It  is,  however,  possible  to  compare  the  strength  of  fields  by 
measuring  the  magnitude  of  various  phenomena  which  can  be 
made  to  take  place  in  them  ;  one  such  method  is  briefly  described 
at  the  end  of  this  chapter. 

We  can  thus  measure  the  strength  of  a  field  due  to  any  mag- 
netising force— that  is,  the  number  of  lines  of  force  passing 
through  any  given  air  space — and  then,  filling  that  same  space 
with  a  piece  of  iron,  measure  the  relative  number  then  passing 
through  the  iron.  The  number  of  lines  of  force  passing  through 
an  area  of  one  square  centimetre  taken  at  right  angles  to  them  is 
called  the  amount  of  magnetic  induction ;  the  magnetic  induction 
through  the  air  space  is  equal  to  the  strength  of  the  field  (since 
the  permeability  of  air  is  i),  and  the  magnetic  induction  through 
the  iron,  divided  by  Uie  strength  of  the  magnetising  field,  gives  the 
permeability  of  the  iron* 

By  experimenting  in  this  way  it  has  been  proved  beyond  doubt 
that  not  only  do  different  substances  possess  various  degrees  of 
permeability,  but  also  that  this  property  may  vary  considerably  ia 
the  same  substance  under  certain  conditions ;  and  it  is  also  pos- 
sible to  arrange  the  various  substances  in  the  orderof  their  relative 
degrees  of  permeability.  The  most  permeable  material  known  is 
pure  soft  iron,  and  it  is  found  that,  generally  speaking,  as  the 
hardness  and  impurity  pf  the  iron  iixcreose^  so  its  permeability 
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decreases :  that  of  hard  steel,  nickel,  and  manganese  being  com- 
paratively low.  The  vast  majority  of  substances,  including  most 
of  the  other  metals,  are  very  nearly  equal  to  air  in  this  respect, 
\vhsle  the  permeability  of  a  few  metals,  including  bismuth  and 
copper,  IS  less  than  that  of  air.  To  take  the  two  extreme  cases, 
the  permeability  of  iron  has  been  known  to  reach  as  high  as 
[9,000 — that  is  to  say,  19,000  times  as  many  lines  of  force  have 
been  known  to  pass  through  a  certain  piece  of  iron  than  passed 
through  the  equivalent  air  space  when  the  iron  was  absent,  while 
that  of  bismuth  has  not  been  found  to  be  much  below  0*999968. 

This  property  is  very  important  in  some  practical  operations, 
and  (especially  in  the  case  of  iron)  it  is  useful  to  know  the  condi-. 
tions  under  which  it  varies  in  the  same  material.  We  have  already 
touched  upon  a  practical  application  in  the  case  of  a  helix  or 
solenoid,  and  are  now  in  a  position  to  further  consider  the  matter. 
We  observed  that  the  electro-magnetic  effect  of  a  helix  carrying  a 
current  can  be  increased  in  two  ways — either  by  increasing  the 
strength  of  the  current  and  so  increasing  the  actual  number  of  lines 
of  force  produced,  whatever  that  number  may  be,  or  by  increasing 
the  effect  of  the  available  lines  of  force  by  making  as  many  of 
them  as  possible  pass  through  that  space  near  the  ends,  ^here  they 
will  be  able  to  act  to  the  greatest  advantage.  The  permeability  of 
bismuth  and  copper  being  less  than  that  of  air,  either  of  these 
substances,  when  placed  in  an  electro-magnetic  field,  will  decrease 
the  number  of  lines  of  force  passing  through  the  space  which  it 
occupies  ;  but  even  in  the  case  of  the  most  effective  substance 
known,  viz.  bismuth,  the  difference  is  so  very  slight  that  it  is 
difficult  to  perceive  or  measure  it.  If,  however,  any  substance 
were  to  be  discovered  with  a  permeability  very  much  less  than 
that  of  air,  one  way  of  leading  the  lines  of  force  through  the 
desired  space  would  be  to  places  this  substance  in  that  part  of 
the  field  from  which -it  is  wished  to  exclude  those  lines — that  is 
to  say,  to  make  all  paths  but  the  right  one,  or  the  one  desired,  as 
difficult  as  possible.  But  the  permeability  even  of  bismuth  being 
so  little  inferior  to  that  of  air,  the  only  available  method  of  attain- 
ing the  desired  end  is  to  make  the  path  which  it  is  desired  the 
lines  of  force  should  take  as  easy  as  possible.  In  the  case  of  the 
solenoid  described  in  Chapter  IV,  we  wished  to  increase  its  effect 
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by  leading  as  many  as  possible  of  the  lines  of  force  through  the 
ends  of  the  coil,  instead  of  allowing  them  to  leak  out  at  the  sides, 
and  for  this  purpose  fitted  it  with  a  soft  iron  core,  which  had  the 
desired  effect  Since  the  permeability  of  different  qualities  of  iron 
varies  so  much,  too  great  care  cannot  be  exercised  in  its  selection ; 
and,  experiment  having  shown  that  soft  annealed  Swedish  iron  is 
superior  to  all  other  kinds,  this  should,  when  the  question  of 
expense  does  not  forbid,  be  used  in  all  cases  where  it  is  desired  to 
concentrate  the  lines  of  force  at  any  particular  point. 

It  will  be  remembered  that  a  helix  of  wire  fitted  with  an  iron 
core  is  called  an  electro-magnet,  and  electro-magnets  differ  in  shape 
and  arrangement  accoMing  to  the  work  they  are  intended  to  per- 
form. Thus,  if  it  were  wished  with  one  pole  of  an  electro-magnet 
to  repel  a  similar  pole  of  another  electro-magnet,  or  of  a  permanent 
steel  magnet,  with  as  much  force  as  possible;,  it  should  be  made 
long  and  straight,  so  that  its  opposite  pole  might  be  as  far  away  as 
possible.  It  frequently  happens,  however,  that  an  electro-magnet 
is  required  either  to  support  a  heavy  weight  or  to  attract  another 
magnet  or  a  piece  of  iron  as  powerfully  as  possible.  It  is  then 
more  advantageous  to  allow  both  poles  j.^^  ^^^ 

of  the  electro-magnet  to  act  together, 
and  this  can  be  accomplished  by  making 
it  somewhat  similar  in  Shape  to  a  horse- 
shoe, and  so  bringing  the  poles  close 
together,  as  is  the  case  in  fig.  iii,  wind- 
ing the  wire  only  over  the  *  legs '  of  the 
iron  core. 

In  designing  an  electro-magnet, 
therefore,  the  object  to  which  it  is  in- 
tended to  apply  the  apparatus  must  be 
kept  clearly  in  view,  and  it  is  necessary 
that  the  general  principles  underlying  the 
science  of  electro-magnetic  construction  should  be  now  considered, 
although,  under  the  most  favourable  circumstances,  these  laws  and 
principles  are  somewhat  complicated  and  involved,  and,  to  a  great 
extent,  indeterminate. 

In  the  generation  of  an  electro-magnetic  field  by  means  of  a 
solenoid  there  are  two  prime  features  to  be  taken  into  considera- 
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tion — viz.  the  strength  of  the  current  and  the  number  of  convolu- 
tions of  wire  constituting  the  coil.  It  can  readily  be  seen  that  the 
electro-magnetic  effect  produced  by  a  current  varies  directly  a.* 
the  strength  of  that  current^  so  that  to  double  the  intensity  of  the 
field  developed  by  any  particular  coil  it  will  suffice  to  double  the 
current  strength.  There  is,  therefore,  not^eed  to  take  into  account 
the  resistance  of  the  Vfire,  except  in  so  (ar  as  it  may  modify  the 
current  strength,  the  resistance  varying,  of  course,  directly  a^s  the 
length,  and  inversely  as  the  square  of  the  diameter,  of  the  wire. 

As  the  current  strength  in  any  circuit  is  the  same  in  all  parts, 
or  at  all  points,  of  that  circuit,  the  electro-magnetic  field  developed 
by  any  unit  length— say  one  inch  of  the  \rat,  —is  exactly  equal  to 
that  developed  by  any  other  portion  of  the  circuit  of  equal  length. 
It  follows,  therefore,  that  two  convolutions  or  turns  of  wire  close 
together  will  generate  a  field  twice  as  strong  as  that  which  can  be 
developed  Ijy  either  of  the  turns  taken  separately  ;  and,  speaking 
generally,  it  can  be  said  that  the  field  developed  by  a  solenoid 
varies  in  strength,  directly  as  the  number  of  convolutions.  And 
this  will  be  true  whatever  the  nature  of  the  material  forming  the 
conductor,  or  whatever  its  resistance.  Nor  does  the  diameter  of 
the  ciftle  described  by  the  wire  when  coiled  into  a  long  helix 
materially  affect  the  strength  of  the  field  developed  at  its  centre, 
unless  the  diameter  exceeds  about  one  half  the  length  of  the  coH. 
The  dimensions  of  the  iron  forming  the  core  have  also  to  be  taken 
into  account,  but  that  topic  will  be  considered  presently. 

Placing  these  two  factors  together,  then,  the  field  developed 
by  an  electro-magnet  can  be  said  to  vary  directly  as  the  current 
.strength,  and  directly  as  the  number  of  convolutions  of  wire,  or 

M  :  c/», 

where  m  is  the  strength  of  the  field,  c  the  strength  of  the  current, 
and  n  the  number  of  turns. 

Since  c  is  measured  in  amperes,  this  simple  formula  is  fire- 
quently  expressed  by  saying  that  the  field  varies  as,  or  is  equal  to, 
the  *  ampere-turns.'  As  the  number  of  lines  of  force  is  propor- 
tional to  the  length  of  the  wire  and  the  current  flowing  through 
it,  it  would  be  more  .correct  to  speak  of  the  magnetic  effect  as 
being  proportional  to  the  ampere-feet  or  ampere-yards;  but  as 
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the  term  ampcrc-turn*  is  generally  adopted,  we  also  make  U5e 
of  it. 

We  stated  just  now  that  the  diameter  of  the  coil  was,  with  a 
certain  reservation,  nnmaterial ;  but  it  must  be  remembered  that, 
supposing  the  number  of  cells  in  the  battery  to  be  a  fixed  quantity, 
any  increase  or  decrease  in  the  diameter  of  the  coil  must  proportion 
ally  mcrease  or  decrease  the  length  of  the  wire  and  its  resistance^ 
and  cause  thereby  a  decrease  or  increase  in  the  current  strength, 
unless  this  variation  in  the  length  of  wire  is  accompanied  by  a 
corresponding  variation  in  its  cross-section,  so  as  to  keep  the  re- 
sistance constant  The  all-important  Ohm's  law  must  always  be 
kept  well  m  view  in  making  any  changes  of  this  sort,  or  serious 
difficulties  will  arise  I-et  us  supjxjse  that  a  wire  offering  5  ohms 
resistance  is  coiled  into  a  solenoid  composed  of,  say,  10  turns, 
and  forming  one  single  layer,  and  that  a  current  from  5  cells  of 
2  volts  electro -motive  force  and  i  ohm  resistance  per  cell  passes 
through  the  coil.  The  current  strength,  supposing  the  connecting 
wires  to  be  short  and  thick,  and  to  have  therefore  no  appreciable 
resistance,  will  be 

c  =s  _i2-  s=s  I  ampere,^ 
5  +  5 

and  the  field  will  be  proportional  to 

cx/f=s  ixioss  To. 

If,  now,  to  produce  an  increased  field,  another  similar  layer  of 
wire  is  wound  over  the  first,  the  number  of  turns  will  be  doubled, 
but  the  resistance  of  the  coil  will  be  more  than  doubled,  for  the 
diameter  of  the  outer  layer  will  be  greater  than  that  of  the  innen 
Supposing,  however,  the  difference  in  diameter  to  Be  so  small  a^ 
to  make  no  material  difference  in  the  length  of  the  wire,  thcfiiUTenfi 

strength  will  be  -  '°     =  -66, 

to-hs 

and  the  electro-magnetic  field 

0'06  X20  =  I3'2. 

Similarl),  with  a  third  layer,  the  current  become^ 
10 
I0  +  5 
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And  the  field 

0-5x30  =  15*0. 

llie  multiplication  of  the  layers,  therefore,  does  not  proi)or- 
tionally  increase  the  strength  of  the  field.  On  the  other  hand,  the 
consumption  of  materials  .necessary  to  the  generation  of  the  cur- 
rent is  reduced,  and  the  economy  of  the  system  proportionally 
increased.  If,  therefore,  a  coil  of  99  layers  were  employed,  and 
supposing  for  the  moment  all  the  turns  to  be  of  uniform  length 
and  resistance,  the  arrangement  would  be  very  economical,  for  the 
current  would  be  only 

TO 

8SS  '02, 

495+5 
while  the  field  would  be 

0-02  X990  =  19*8. 

But,  of  course,  the  length  of  wire  composing  the  ninety-ninth 
layer  would  be  considerably  greater  than  that  forming  the  first. 
Now,  the  circumference  of  a  circle  varies  directly  as  its  diameter, 
and  is  equal  to  2  »  r,  where  «■  is  the  ratio  between  the  circumfer- 
ence of  a  circle  and  its  diameter,  or  3*1416,  and  r  is  the  radius  of 
the  circle.  If,  therefore,  the  diameter  of  the  outside  layer  is 
actually  twice  that  of  the  inside,  the  length  of  the  wire  in  each  of 
the  larger  turns,  and  consequently  in  the  whole  layer,  will  be 
exactly  doubled,  and  its  resistance  doubled  also ;  and  the  interme- 
diate layers  will  vary  proportionally.  But  the  actual  resistance  of 
the  whole  coil  can  be  easily  calculated,  for  if  the  radius  of  the  inside 
layer  is  half  an  inch  and  of  the  outside  layer  one  inch,  the  mean 
or  average  radius  will  be  three-quarters  of  an  inch — that  is  to  say, 
the  length  of  wire  in  the  fiftieth  layer  will  be  half  as  long  again  as 
that  in  the  first.  Its  resistance  will  therefore  be  7-5  ohms.  Simi- 
larly, the  resistance  of  the  first  and  last  layers  together  will  be 
15  ohms,  or  an  average  of  7*5  ohms  per  layer,  and  this  will  be  true 
of  every  similarly  situated  pair  of  layers,  so  that  the  total  resistance 
of  .a  number  of  layers  is  equal  to  the  resistance  of  the  middle  or 
average  layer  multiplied  by  the  number  of  layers.  In  the  CQil 
under  consideration  the  resistance  will  be 

»t  =  75x99  =  742-5. 
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and  the  current  strength 

2ind  the  electromagnetic  field 

0-0133x990  =  13-167. 

If,  now,  we  suppose  the  number  of  layers  to  be  again  doubled, 
and  the  mean  radius  increased  thereby  to  1  inch,  the  mean  or 
average  resistance  will  be  10  ohms  per  layer,  and  the  total  resist- 
ance of  the  198  layers  1,980  ohms.     The  current  then  becomes 

10^ . 

1980  +  5        °°^' 

and  the  electro-magnetic  field  becomes 

0*005  X  1980  =  9-9. 

The  addition  of  layers  of  wire  after  a  certain  point  has  been 
reached  has  the  result,  therefore,  of  so  increasing  the  proportional 
resistance  as  to  reduce  the  effect  which  can  be  developed  by  any 
given  battery,  and  this  limit  of  usefulness  or  efficiency  is  reached 
when  the  maximum  radius  is  twice  that  of  the  bottom  or  first  layer. 

When  the  field  due  to  a  certain  coil,  with  inside  and  outside 
layers  having  resistances  of  i  :  2,  is  insufficient  for  a  given  purpose, 
it  may  become  advantageous  to  re-wind  the  bobbin  with  wire  of  a 
smaller  gauge,  so  as  to  get  j.^^  ^^^ 

a  greater  number  of  turns 


ni 


Lf ^-- hJ 


Oft 

If. 


into  the  same  compass.  A 
reference  to  the  diagram, 
fig.  112,  will  simplify  the 
small  difficulties  involved 
in  a  consideration  of  this 
matter.  Let  us  suppose  the  figure  to  represent  a  wooden  or 
ebonite  bobbin,  and  that  the  length,  /,  of  the  space  occupied  by 
the  coil  or  the  distance  between  the  *  cheeks '  of  the  bobbin,  is 
3  inches,  while  the  radius,  tf  j,  of  the  bottom  layer  to  be  wound  is 
a  quarter  of  an  inch,  and  the  extreme  radius,  a^,  of  the  coil  three- 
quarters  of  an  inch.     The  mean  radius  a  will  be  half  an  inch,  or 

2 
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The  total  thickness,  /,  of  the  coil  or  of  the  layers  will  also  be 

half  an  inch,  oc 

/  =  /7,-<T,  =  -5. 

As  we  have  already  seen,  the  length  of  one  turn  of  wire  of 
radius  a^  will  be  2  ir  <7|,  and,  it  there  are  n  turns  in  that  layer,  the 
length  of  wire  composed  in  it  will  be  2  v  a^Y^n,  Supposing  there 
to  be  tn  layers  in  the  coil,  having  the  mean  radius  a^  the  total 
length  L  will  be 

L  =  2  r  /7  X  //  X  ///        •      .      .      .      .      .      (!)• 

Now,  as,  in  winding  a  number  of  layers  of  wire  in  a  coil,  eacn  turn 
must  somewhere  or  other  cross  the  subjacent  turn,  it  follows  that 
the  turns  of  any  one  layer  cannot  be  placed  evenly  in  the  grooves 
or  recesses  between  the  turns  of  the  layer  immediately  underneath 
it ;  or,  in  other  words,  if  we  assume  the  wire,  with  its  insulating 
covering,  to  have  a  diameter,  d^  the  section  of  the  space  occupied 
or  appropriated  by  that  wire  will  really  be  a  square  whose  side  is 
equal  to  d.  Consequently,  in  one  layer  the  number  of  turns  /' 
will  be 

-•; 

and  the  number  of  byers,///;  will  be 

""  =  / 

Substituting  these  values  for  ///  and  n  m  (i)  we  get 

L=2ir<7X_X-=.  .      .      .      .      (2). 

da  «" 

For  example,  let  tne  diameter  of  the  wire,  with  its  insulating 
coating,  be  50  mils  (the  mil  is  the  thousandth  part  of  an  inch;, 
then  the  length  of  this  wire  that  would  be  required  to  fill  the 
bobbin  illustrated  in  fig.  112  would  be 

,.  =  ?(3-rii6)  xj)-5  X3J<o;i  ^  .^^^^^^  ^ 

(0-05)" 

We  are  thus  able  to  calculate  not  only  the  length  of  wire 
required  to  fill  any  bobbin,  but  also  its  resistance^  the  resistance 
per  unit  of  length  being  ascertainable  from  tables.     Moreover,  the 
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total  number  of  turns  of  wire  can  be  easily  calculated,  for,  ///  bein^ 
the  number  of  layers,  and  n  the  number  of  turns  in  each  layer 
the  product  m  n  wiU  give  the  total  required,  but 

m  s=       and  «  «  -  ; 

v.  m  n  =  ^^, 

(or  m  n  ^^  ^     "5  ss  ^oo  turns. 
(0-05)* 

If^  for  the  sake  of  simplicity,  wo  suppose  the  wire  employed  to 
offer  a  resistance  of  o*f  ohm  per  yard,  the  current,  vrith  the  same 
l)attcry  as  that  previously  used,  will  be 

lO 

and  the  field  developed  will  be 

0*977  x6oo  =  $S6'2, 

As  in  the  previous  example,  so  in  this,  doubling  the  number 
of  layers  reduces  the  effective  power  of  the  coil.  In  working  this 
out  it  must  bi  observed  that  /,  now  becomes  i  inch  :  therefore, 
also,  the  mean*udiu»  (a^)  of  <7,  and  «r,  becomes 

".+/•=  o.;s. 
and   L  =  «  ".JJ/'*'.  =  ^'3-'4i6)xotS_X3j<  T  ^    g      .„^^^ 

if*  (005)*  ^      ^^ 

=  157  yards; 

whence  c  SB       '®      s=  o'aSx. 

157  +  5  ^ 

and,  the  number  of  turns,  //i  />,  being  1,200,  the  field  developed 
will  be 

o'4S3  X1206  =  579*6, 

or  somewhat  less  than  with  only  600  turns. 

Let  ft  now  be  supposed  that  a  given  bobbin —say  of  the 
dimensions  shown  in  fig.  ii2~is  to  be  filled  with  copper  wire 
which  shall  offer  a  definite  rcsisuncc,  say  5  ohms.     There  arc 


212  EUctricat  Engineering  cha>.  vii. 

thus  only  three  quantities  known,  viz.  the  dimensions  of  the  bobbin, 
the  resistance  which  the  coil  is  to  offer,  and  the  specific  resistance 
of  the  copper ;  while  the  length  of  the  wire  and  its  diameter  are 
unknown  and  require  to  be  ascertained.  The  space  in  which  the 
wire  is  to  be  wound  can  be  calculated  from  the  given  dimensions^ 
for,  V  being  this  space  or  volume, 

V  =  ir /(«,«- V),      •      .    •        ....      (I). 

or  V  =  3*Mi6  X3(75«-  -as*) 
8=  4-7124  cubic  inches. 

But  supposing,  as  will  be  actually  the  case,  that  the  wire,  whose 
diameter  is  d^  occupies  the  same  space  that  it  would  take  were  it 
to  be  square  instead  of  round,  then,  manifestly, 

V  as  L  X  dT^. (2) 

As,  also,  the  total  resistance  of  the  wire  varies  directly  as  its 
length,  directly  as  its  specific  resistance  s  (which,  in  this  case,  we 
take  as  the  resistance  per  cubic  inch),  and  inversely  as  the  area  or 
cross-section  of  the  wire, 

»  _L^xx 
area 

Bui  the  area  of  the  insulated  wire  is  equal  to  »  r*,  or  ir/ -  j  ,that 

is,ir    . 
4 

Therefore  R  =      j,  > 

ir- 
4 
d* 
that  is,  R  ir~  =  L  X, 

4 

or  R  »■  i/*  =s  4  L  X, 

"^  '^  =  TV (3^ 

But  from  (2)  it  will  also  be  seen  that 

-^=1 (*)• 

Consequently  T7~L  •    •    I    '    '    '    '         <5)- 
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and  4  j,>  X  =  T  R  V. 

Therefore  l«  =  '  *  ^ 


4^ 


and,  finally, 


'•/tT ^'^- 


By  inserting  the  ninnerical  values  on  the'  right-hahd  side  of 
this  equation,  the  Ibngth  l,  haVing  the  required  resistance,  can 
therefore  be  found,  after  which  we  can,  by  equation  (4),  determine 
r.lso  the  gauge  of  the  wire.  It  must,  however,  be  noted  that,  for 
simplicity,  d  is  taken  as  the  diameter  of  the  bare  wire  in  equation 
(2),  thus  rendering  the  result  only  approximate ;  but  when  the 
thickness  of  the  wire  is  great  as-  compared  with  that  of  the  insu- 
lation, the  formulae  approach  very  closely  to  the  truth. 

It  is  frequently  useful  to  know  the  exact  length  of  any  par- 
ticular wire  which  can  be  wound  on  any  particular  bobbin,  and, 
knowing  v  and  d^  this  can  be  easily  ascertained,  for,  if  dx  represents 
the  outer  diameter  of  the  wire  and  its  covering,  v  the  volume  of 
the  wire-space,  and  l  the  required  length,  then 

So  far,'very  little  has  been  said  concerning  the  dimensions  and 
nature  of  the  core,  beyond  the  £Eict  that  it  should  have  the  highest 
possible  degree  of  permeability,  and  be  constructed,  therefore,  of 
the  best  annealed  iron,  and  that  there  is  a  limit  to  the  number  of 
lines  of  force  which  can  easily  be  passed  through  an  iron  core. 
These  considerations  render  necessary  the  employment  of  a  rela- 
tively massive  core,  having,  for  the  best  electro-magnetic  effect,  a 
diameter  equal,  at  least,  to  the  thickness  of  the  coil  with  which  it 
is  to  be  surrounded — that  is  to  say,  its  diameter  should  correspond 
to  the  thickness  /  in  the  ideal  coil  illustrated  in  fig.  x  1 2.  It  is  here 
that  the  question  of  relative  permeability  has  to  be  taken  into  con- 
sideration, fo^  it  has  been  experimentally  demonstrated  that  there^ 
IS  a  limit  to  the  number  of  lines  of  force  that  can  be  transmitted 
by  a  given  mass  of  iron,  and  that  this  limit  is  soon  exceeded  when 
the  diameter  of  the  core  of  an  electro-magnet  is  small  as  compared 
with  that  of  the  coil  which  surrounds  it.  The  permeability  of  a 
rod  of  iron  decreases  as  the  lines  of  force  passing  through  i^ 
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increase,  so  that,  beyond  a  certain  point,  a  considerable  increase 
in  the  strength  of  the  current  makes  but  little  difference  in  the 
elcctro-magnrtic   force  developed  at  the  poles.      When  it  thus 
becomes  very  difBcult  to  urge  additional  lines  of  force  through  a 
piece  of  iron,  it  is  said  to  be  magnetically  'saturated,'  but  no 
definite  point  has  yet  been  reached  at  which  it  can  be  said  to  be 
absolutely  impossible  to  increase  the  number.      Many  definitions 
of  the  so-called  'saturation'  point  have  been   given,  but  they 
arc  generally  based  upon  a  misconception  of  the  question,  and 
some  of  them  are  altogether  misleading.     There  is  abundant  evi- 
dence of  this,  if  evidence  were  wanting,  in  the  fact  that  no  two 
authorities  have  yet  been  able  to  agree  upon  the  saturation  point 
even  of  iron,  to  say  nothing  of  steel,  and  the  majority  are  satisfied 
by  referring  to  historic  experiments,  which,  however,  were  made 
at  a  time  when  iron,  such  as  is  now  in  ever}--day  use,  was  unobtain- 
able.    As  a  matter  of  fact,  if  loo  different  samples  .of  iron  were 
taken  and  experimented  upon,  it  is  more  than  likely  that  as  many 
different   results  would   be   arrived   at,   for  the   saturation  point 
depends  solely  upon  the  permeability,  and  the  permeability  of  any 
particular  piece   of  metal   depends   greatly  upon   its   molecular 
structure.     Now^  the  permeability  of  air  is  constant,  although  it  is 
low  as  compared  with  a  piece  of  *  unmagnetised  '  iron.     In  other 
words,  there  is  no  magnetic  saturation  point  for  air,  so  that,  through 
«.n  air-space  which  already  has  a  great  number  of  lines  of  force 
traversing  it,  it  is  as  easy  to  urge  more,  as  it  would  be  if  there  were 
hone  already  in  existence.     It  follows,  therefore,  that  at  a  certain 
stage  of  the  magnetising  force  developed  in  or  b)  a  coil  of  wire, 
the  permeability  of  air  equals,  and  beyond  that  stage  exceeds,  the 
permeability  of  iron.    A  consideration  of  these  points  demonstrates 
that  the  core  of  an  electro-magnet  should  be  sufficiently  massive 
to  prevent  tlie  saturation  point  being  reached,   or,  at  any  rate, 
passed,  when  the  maximum  current  which  it  is  intended  that  the 
coil  shal^  carry  is  passing.     This  will  be  evident  by  a  reference  to 
fig-   ii3»   ^^  which  the  relative  strengths  of  the  magnetic  fields 
under  different  ■  conditions  are  shown  by  the  *  cur^•es '  plotted  out 
on  a  sheet  of  *  squared  *  paper.    This  squared  jaaper  is  exceedingly 
useful.    It  is  usually  ruled  with  a  number  of  equidistant  horizontal 
and  vertical  lines,  the  former  being:,  h(»\\ever,  omitted  in  the  present 


nup.  VII. 


ila^ietisatiou  Curves 


21S 


instance.  I^et  it  be  supposed  that  the  line  o  d  is  divided  into  a 
number  of  equal  parts,  corresponding  to  the  various  current 
{Strengths,  so  that  from  o  to  the  tenth  division  would  represent  five 
times  the  current  strength  that  would  be  indicated  by  two  such 
divisions.  Let  us  also  8upi)ose  that  o  m  is  divided  equally,  and 
that  the  divisions  correspond  to  the  various  magnetic  elTects  pro- 
duced by  an  electro-magnet  upon  a  compass  needle  balanced  at 
some  distance  from  it,  and  in  the  same  horizontal  plane  as  the  axis 
of  the  coil,  r^t  us  now  suppose  currents  of  various  strengths, 
indicated  by  the  distances  along  o  d,  to  be  sent  through  the. coil. 


•TRIN6TH  OP  EXCITING    CURRENT. 


the  effect  which  the  coil  T^ith  its  core  exerts  upon  the  compass 
needle  can  be  marked  off  from  the  line  o  \l  upon  the  viirious  or- 
dinates  projected  from  o  d.  The  thick  upper  curve  o  a  drawn 
through  the  intenectmg  points  shows  graphically,  by  its  distance 
from  o  D,  the  deflecting  effect  produced  upon  the  needle  by  the  ) 
various  cufrcnts  corresponding  to  the  distances  along  o  d.  Let  it 
be  further  supposed  that,  without  m  any  ^*ay  altering  the  position 
of  the  noedle  or  of  the  coil,  the  core  is  withdrawn  and  the  various 
currents  again  sent  through  the  coil.  Then  the  various  magnetic 
effects  of  the  coil  upon  the  needle  are  clearly  indicated  by  the 
'  curve '  o  c,  which,  in  this  case,  is  a  straight  line,  and  which 
demonstrates,  therefore,  that  the  field  produced  by  the  coil  is  pro- 
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portional  to  the  current  flowing  through  it  The  third  curve  o  c 
is  particularly  interesting.  Suppose  the  magnetic  effect  due  to  the 
coil  alone,  and  represented  by  the  distance  x>  b,  to  be  deducted 
from  the  joint  effect  produced  with  the  same  current  by  the  con* 
and  coil  combined,  and  represented  by  the  distance  D  a,  then  the 
remainder  d  c  will  represent  the  effect  produced  by  the  core  alone. 
And  if  this  subtracting  process  is  carried  out  along  each  of  the 
ordinates,<the  curve  o  c,  known  as  the  curve  of  magnetisation,  will 
be  produced.  Now,  it  will  be  observed  that,  after  a  certain  point  has 
been  reached,  this  curve  becomes  a  nearly  horizontal  straight  line, 
indicating  that  the  saturation  point  of  the  iron  has  been  reached, 
and  that  any  further  increase  in  the  current  strength  does  not  add 
appreciably  to  the  magnetisation  of  the  core,  the  increase  in  the 
strength  of  the  field  developed  being  that  due  to  the  coil  itself. 
The  two  curves  o  c,  o  b,  would,  if  the  experiments  were  carried  far 
enough,  intersect,  at  a  point  where  the  permeability  of  the  air 
equals  that  of  the  saturated  iron. 

Pure  soft  iron  has  another  property  which  recommends  it.< 
iidoption  for  the  cores  of  electro-magnets,  and  that  is  its  low 
*  retentivity,'  for,  as  a  rule,  electro-magnets  are  required  to  develop 
as  strong  a  field  as  possible  at  some  particular  point  directly  the 
current  commences  to  flow,  and  to  lose  or  be  deprived  of  all  traces 
of  magnetisation  on  the  cessation  of  the  current.  Steel,  as  we 
have  already  seen,  always  retains  a  large  proportion  of  the  magnetic 
state  impressed  upon  it  by  the  projection  of  an  electro-magnetic 
fleld  through  it,  or,  in  ordinary  language,  it  retains  the  magnetism 
imparted  to  it.  Hard  and  impure  iron  have  similar  properties, 
inferior  only  to  steel  itself.  There  is  no  doubt  that  these  proper- 
ties of  permeability  and  retentivity  are  very  largely  governed  by 
the  molecular  structure  of  the  iron  or  steel,  and  by  the  greater  or 
less  rigidity  obtaining  among  the  particles  of  the  metal.  In  fact, 
the  two  properties  go  together ;  for  all  qualities  of  iron  or  steel 
through  which  k  is  difficult  to  urge  the  lines  of  force,  or  to  mag 
netise,  are  found  to  be  correspondingly  obdurate  when  it  is  sought 
to  demagnetise  them,  or  deprive  them  of  magnetisation.  There 
is,  therefore,  a  double  gain  in  employing  pure  soft  iron,  for  not 
only  is  its  permeability  greater,  but  its  retentivity  is  also  less  than 
that  of  impure  or  hard  iron. 
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On  the  other  hand,  in  selecting  a  material  for  permanent 
magnets,  the  principal  thing  to  be  considered  is  the  retentivity, 
which,  of  course,  should  be  as  high  as  possible.  No  substance 
has  yet  been  found  which  is,  in  this  respect,  superior  to  good  hard 
steel  Some  specimens  of  steel  have  been  made  so  hard  that 
efforts  to  magnetise  them  have  proved  futile.  One  of  the  most 
remarkable  features  to  be  observed  in  this  matter  is  the  extra- 
ordinary effect  produced  by  the  admixture  of  a  small — one  might 
almost  say  a  minute  ~  proportion  of  other,  or  foreign,  substances 
wth  the  iron.  Just  as  a  fractional  proportion  of  iron  or  other 
metal  added  to  copper  causes  a  large  increase  in  its  electrical  re- 
sistance, so  the  addition  of  carbon,  tungsten,  phosphorus,  sulphur, 
arsenic,  &c,  to  iron,  reduces  its  permeability  and  also  increases  its 
retentivity.  This  reduced  permeability  corresponds,  in  many 
respects,  to  increased  electrical  resistance  in  a  conductor,  and  is,  in 
fact,  sometimes  referred  to  as  increased  magnetic  resistance.  In 
the  case  of  ordinary  steel  the  retentivity  is  evidently  due,  in  a 
great  measure,  tf  •  the  presence  of  carbon,  and,  wit^  a  bar  of  good 
magnet-steel,  the  permeability  is  so  feeble,  and  the  retentivity  so 
great,  that  it  is  impossible,  by  electro-magnetic  induction,  to  upset 
the  molecular  arrangement  in  the  interior  of  the  bar,  so  that  the 
magnetisation  is  in  reality  only  skin-de^p.  This  can  be  easily 
proved  by  magnetising  a  small,  piece  of  very  hard  steel  and  then 
immersing  it  in  dilute  sulphuric  or  hydrochloric  acid.  In  a  few 
moments  the  surface  of  the  metal  will  have  been  dissolved,  and  oil 
withdrawing  it  from  the  liquid  all  trace  of  magnetisation  will  have 
disappeared.  Consequently,  it  is  preferable,  in  making  a  large 
permanent  magnet,  to  build  up  a  number  of  thin  strips  of  steel 
cut  to  size  and  tlien  magnetised  separately.  On  fastening  them 
together,  the  built-up,  or  '  laminated,'  magnet  will  be  found  capable 
.of  producing  a  far  stronger  field  than  can  be  obtained  with  any 
solid  magnet  of  similar  dimensions.  It^should,  however,  be  added 
that  in  building  up  a  compound  magnet,  or  'magnetic  battery,* 
there  is  no  advantage  in  employing  brass  screws  or  bolts  to  fasten 
the  individual  magnets  together  as  is  usually  done.  In  fact,  this 
plan  cannot  but  disperse  the  lines  of  force  passing  through  the 
magnets,  and  therefore  weaken,  more  or  less,  the  polar  strength. 
Iron  screws  or  bolts  are  mechanically  and  magnetically  preferable. 


/ 
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It  is  interesting  to  notice  that  specimens  of  steel  have  been 
made,  containing  12  per  cent,  of  manganese,  which  it  has  been 
found  practically  impossible  to  magnetise  even  under  the  influence 
of  a  very  powerful  field.  Probably,  the  magnetic  reluctance^ 
molecular  rigidity,  magnetic  inertia, or  whatever  elscive  may  choose 
to  call  that  property  of  steel  which  our  forefathers  knew  as  coercivo 
force,  is  so  great,  that  to  overcome  it  is  impossible.  Similar  results 
follow  when  the  proportion  of  carbon,  phosphorus,  sulphur,  5:c., 
mixed  with  the  iron  exceeds  a  certain  small  limit,  while  the  admix- 
ture of  even  the  smallest  percentage  of  antimony  suffices,  it  is 
alleged,  to  destroy  all  trace  of  magnetic  properties.  There  should 
certainly  be  a  large  field  of  practical  utility  open  to  the  economical 
manufacture  of  unmagoetisable  iron.  For  example,  the  bed-plates 
of  dynamos  are  sometimes— and  used  to  be  even  more  extensively 
than  now — separated  from  the  field-magnets  by  huo^e  slabs  of  zinc, 
because,  other^'ise,  they  would  form  what  may  be  called  a  magnetic 
short-circuit  between  the  poles  of  the  field-magnets.  Zinc  is 
mechanically  much  weaker  than  iron,  and  thi.s,  added  to  its  ver)* 
much  higher  price,  renders  its  use  highly  objectionable.  To  avoid 
the  difficulty,  dynamos  are  rarely  designed  now  with  their  pole 
pieces  downwards,  but  are  turned  about  so  that  the  bed-plate 
is  connected  to  the  yokes  or  magnetically  neutral  portions  of  the 
field-magnets.  Under  such  circumstances  only  a  very  few  of  the 
lines  are  wasted  by  passing  through  the  bed-plate.  lieverting  to 
the  question  of  magnetic  inertia,  it  may  be  mentioned  that  any 
cause  which  may  operate  to  set  up  molecular  vibrations  in  a  piec: 
bf  iron  or  steel  facilitates  either  magnetisation  or  demagnetisation 
-  that  is  to  say,  if  the  metal  is  placed  in  a  magnetic  field  and  then 
vibrations  set  up  in  it,  it  will  be  more  readily  and  more  powerfully 
magnetised  than  would  be  the  case  were  the  vibrations  not  set  up, 
and,  conversely,  a  magnet  loses  its  magnetisation  by  being  set  in 
vibration,  due  to  the  fact  that  facilities  are  thereby  afforded  for  the 
individual  particles,  which  are  themselves  magnets,  to  partially  rotate 
and  form  little  closed  magnetic  circuits  in  the  mass  of  the  metal. 
I'hese  vibrations  can  be  caused  by  heating,  hammering,  twisting, 
or  any  other  similar  violent  treatment.  Hence,  steel  magnets 
should  always  be  placed  down  gently,  and  never  dropped  or  thrown 
down,  othenvise  the  magnetisation  will  be  more  or  less  destroyed. 
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A  magnerraise'd  to  a  red-heat  loses  its  magnetisation  entirely, 
and  this  can  easily  be  demonstrated  by  heating  a  magnetised  sew- 
ing needle  in  a  gas  flame. 

By  adopting  the  precautions  referred  to,  magnets  can  be 
ipade  capable  of  sustaining. considembly  more  than  thirty  times 
thellr  own  weight,  but  a  description  of  the  method  practicall)' 
adopted  for  the  manufacture -of  permanent  steel  magnets  capable 
for  some  years  of  supporting  about  tiyenty-five  \o  twenty-eight 
times  their  own  weight  may  prove  serviceable.  Ir>  this  case,  the  best 
tungsten  steel  is  eiliployed.  It  is  heated  gently  to  a  dull- red  heat  and 
hammered  into  the  required  shape,*  care  being  taken  not  to  raise 
the  temperature  loo  high,  or  the  tyngsten  will  be  volatilised.  A 
small  magnet  may  therefore  require  to  be  placed  in  the  fire  several 
times  before  the  necessary  shape  has  been  obtained.  This  pro- 
cess'being  completed,  the  steel  is  then  hardened  by  being -first 
placed  in  a  close  /ire  out  of  contact  with  air,  so  as  to  ensure  uni- 
form heating  and  to  prevent  the  formation' of  a 'hard  scale  of  iron 
oxide.  It  is  then  dipped^  into  a  water  bath.  This  latter  process 
must  be  carefully  attended  to,  or  the  metal  will  be  twisted  or 
otherwise  distorted.  It  should  be  held  vertically,  and,  ff  of  the 
horse^shoe  pattern,  its  extremities  should  be  dipped  in  first,  the 
metal  being  steadily  lowered  into  the  water.  The  next  process  is 
that  of  polishing,  kfter  .which  it .  is  passed  a  fevc  tinies  over  the 
poles  of  a  large  and  powerful,  permanent  magnet,  the  steel  being 
turned  over  once  or  twice  so  as  to  magnetise  b6th  faces.  Of 
course,  a  large  electro-magnet  with  a*'powGrful  current  circulating 
through  its  coils,  can  he  employed,  but  the  other' form  is  quite 
efficient  and  certainly  much  less  troublesome. 

We  have  not  yet,  howeyer,  said  all  that  requires  to  be  sarid 
upon  the  subject  of  electro-magnets.  One  important  detail,  so  far 
neglected,  is  the  length  oC  the  coil  and  of  the  core,  .as  qpmpared 
with  the  diameter.  It  has  already  been  laid  down  that  the 
maximum,  or  outside,  diameter  of  the  coil  should  not  exceed  three 
times  the  diameter  of  the  core ;  but  although  it  is  often  stated 
that  the  best  result  is  obtained  when  the  length  of  the  core  is  six 
times  its  diameter,  we  have  failed  to  discover  any  .universal  reason 
for  sucn  a  proportion.  As  a  matter  of  fact,  with  ;i  bar- magnet, 
where  we  desire  to  employ  only  one  pble^  and  wish  to  mask  or  get 
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rid  of  the  effect  of  ihe  other,  there  is  a  decided  advantage  in  using 
a  core  of  much  greater  proportional  length,  and  if  we  are  restricted 
as  to  the  quantity  of  wire  to  he  employed,  we  can  then  wind  fewer 
layers  oyer  a  long  piece  of  iron  than  would  be  woond  over  a 
shorter  piece.  By  so  doing  we  should  reduce  the  distance 
between  the  iron  and  the  wire,  and  therefne,  with  the  same 
resistance,  the  number  of  lines  of  force  passing  through  the  core 
would  be  correspondingly  increased.  Supposing,  however,  the 
same  proportion  to  be  maintained  between  the  respective  dia-c 
meters  of  the  lengthened  core  and  its  coil,  and  the  g^nge  of  the 
wire  increased  so  as  to  maintain  a  constant  resistance  and  constant 
number  of  turns,  the  polar  strength  developed  dose  to  one  end  of 
the  core  will  vary  as  the  square  of  the  length  of  the  core,  providing, 
however,  that  the  core  is  not  so  extensively  lengthened  as  to  cause 
many  of  the  lines  of  force  to  '  leak  out '  at  the  sides  of  the  coiL 
This  limit  will,  of  course,  vary  with  different  qualities  of  iron,  as 
the  question  is  mainly  one  of  relative  permeability.  Sometimes 
there  is  an  advantage  in  using  very  short  electro-magnets,  as,  for 
example,  when  it  is  desired  to  obtain  one  which  shall  respond 
promptly  to  variations  or  reversals  of  the  magnetising  current 

So  far,  we  have  only  considered  electro-magnets  in  which  the 
wire  is  wound  evenly  throughout  their  length,  but,  for  some  purposes, 
it  is  preferable  to  ^-ary  the  method  of  winding.  I(  for  example,  it 
is  desired  to  construct  a  bar-magnet  which  shall  develop  a  very 
powerful  field  close  to  its  erctremities,  but  which  is  not  wanted  to 
exert  any  force  at  a  comparatively  greater  distance,  then  the  best 
form  to  give  to  the  piece  of  apparatus  is  that  in  which  the  wire  is 
'  cpned  up '  near  the  ends  that  is  to  say,*  where  a  large  number 
of  layers  is  wound  over  the  ends,  the  number  decreasing  towards  the 
middle,  few  or  none  being  wound  over  the  central  portion  of  the 
core,  although  at  no  point  should  the  wire,  as  a  rule^  be  wound  to 
more  than  three  times  the  diameter  of  the  core.  The  lines  of 
force  in  such  an  electro-magnet  will  be  powerfully  developed  near 
the  ends,  and  there  will  be  little  tendency  for  them  to  leak  out 
On  the  other  hand,  they  will  make  much  smaller  air-curves  than 
would  result  from  an  equal  length  of  wire  wound  evenly  along  the 
entire  length  of  the  core. 

The  horse-shoe  form  is  only  adopted  when  it  is  desired  to 
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exert  the  maximum  attraction  upon  a  piece  of  iron  placed  r^cat  it. 
If  it  were  placed  at  any  considerable'  distance  compared  with  thl. 
distance  between  the  magnet  polcb,  most  of  the -lines  of  force 
would  pass  across  the  air  space  from  one  pole  to  the  other  w*rthout 
entering  thp  iron.  But  buch  a  magnet  obe^s  the  same  law  that 
holds  good  for  bar  magnets  so  far  as  the  relative  strength  of  the 
magnet,  when  traversed  by  various  currents,  \%  concerned.  That 
is  to  say,  if  we  have  an  electro-magnet  developing  a  field,  at  a 
given  distance  the  strength  of  the  Held  will  vary  directly  a£  the 
Strang  of  the  current  producing  it  WTien,  however,  a  piece  of 
soft  iron  is  placed  in  the  iield,  the  lines  of  force  are  diverted,  and, 
-passing  through  it,  endow,  it  wi^h  magnetic  polarity,  and  the 
polarity  developed  varies  directly  as  the  number  of  lines  passing 
through  it,  or  as  the  strength  of  the  current  Such  a  pieOe  of  iron' 
is  called  an  armature,  but  we  may  regard  it  for  the  time  being  as 
another  magnet,  and  when  we  have  two  magnets  mutually  attract- 
ing one  another,  .the  force  of -attraction  is  propprtional  to  the  pro 
duct  of  their  magnetic  strengths,  or  the  force* 

/:  m  X  ///j, 

^hereTn  is  the  strength  of  one  magnet,  and  ///,-  that  oC  the  other 
(or  of  the  armature). 

If,  now,  we. suppose  the  Strehgth  of  the  current  to  be'do\ib!ed, 
and  consequently  the  magnetic  field^developed  to  be  also  doubled, 
then  (assuming  the  iron  to  be  far  from  saturated)  twice  the 
number  of  the  lines  of  force  will  pass  through  the  armature,  the 
magnetisation  of  which  will  therefore  also  be  doubled,  that  is 
/i  :  2m  X  2/;/,  =  4/;//;/|, 

or,  doubling  the  current  strength,  quadruples  the  magnetic  attract 
tion.  Hence  this  attraction  at  any  given  distance  varies  directly 
as  the  square  of  the  strength  of  the  current  flowing  through  the 
coiL  When,  however,  the  iron  approaches  saturation,  the  altera 
tion  in  its  permeability  prevents  any  definite  law  being  formulated. 
This  law  is  sometimes  mis-stated  by  saying  that  ///  =:  //ii, 
whence  wxwi  =  //i*.  But  this  is-  only  true  when  the  whole  of 
the  lines  of  force  emanating  from  the  poles  of  the  electro-magnet 
pt  F^s  through  the  armature,  and  this  rarely  or  never  happens. 
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To  ensure  that  the  armature  shall  be  capable  of  transmitting 
a  large  percentage  of  the  number  of  lines  of  jforce  which  pass 
through  the  core,  it  is  evident  that  it  must  at  least  be  equal  in 
permeability  and  correspondingly  massive.  It  should  certainly  be 
equal  in  section  to  the  core. 

One  of  the  best  forms  of  the  horse-shoe  magnet  is  that  illus- 
trated in  ftg.  III.  It  will  be  seen  that  the  coil  is  divided  into  two 
sections,  placed  one  on  each  limb  or  leg  of  the  core,  the  winding 
being  such  that,  were  the  core  straightened  out  and  the  coils 
pushed  together  so  that  their  ends  meet,  they  would  form  one 
continuous  coil  or  helix.  Otherwise  similar  instead  of  dissimilar 
poles  would  be  developed  at  the  extremities  of  the  core.  The 
iron  should  be  the  best  and  softest  procurable,  and  should  be 
lent  round  so  that  the  poles  are  close  together ;  a  comparatively 
very  large  number  of  the  lines  of  force  will  then  pass  through  the 
space  between  the  poles  when  the  armature  is  removed  The  sur- 
faces in  contact  should  fit  as  perfectly  true  as  possible,  so  that  there 
is  the  minimum  air  space  between  them.  Sharp  comers  or  edgei 
should  be  avoided,  and,  since  the  natural  shape  of  the  lines  of 
ioYCfi  is  circular,  the  whole  should  approximate  to  the  circular 
form,  when  there  will  be  little  tendency  for  the  lines  of  force  to 
^  leak  out '  of  the  iron  and  complete  their  circuit  through  the  air 
space. 

Horse-shoe  electro -magnets  are  frequently  constructed  to  sus- 
tain a  weight  The  sustaining  power  must  not,  however,  be  con- 
founded with  the  strength  of  the  field  or  the  magnetic  strength,  as 
this  power  depends  upon  a  number  of  secondary  considerations, 
such  as  the  shape  and  smoothness  of  the  pole  pieces  or  extremities 
of  the  core,  the  dimensions  and  surface  of  the  armature,  the 
method  of  applying  the  weight  to  be  sustained,  &:c.,  which  do  not 
require  to  be  taken  into  account  when  estimating  the  electro- 
magnetic field  itself.  The  weight  can  be  suspended  from  a  hook 
fixed'  to  the  middle  of  the  armature,  so  that  the  pull  upon  the 
two  poles  is  equal,  the  sustaining  power  being  measured  l^  the 
weight  which  can  be  supported  by  the  armature  without  causing 
its  separation  firom  the  magnet 

It  is,  ho\7evcr,  frequently  preferable,  for  convenience  of  con 
struction,   as   in   the   case    of    most    forms   of    dynamo-electric 
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machines,  as  well  as  in  telegraphic  and  other  similar  apparatus,  to 
build  up  an  electro-magnet  in  which  two  straight  cores  are  yoked 
together  by  a  piece  of  soft  iron  which  is  screwed  or  bolted  to 
them.  The  yoke  must  naturally  be  massive,  and  the  surfaces  fit 
truly  t3  avpid  as  far  as  possible  the  introduction  of  a  magnetically 
resisting  air  space. 

We  have  stated  frequently — so  frequently,  in  fact,  that  we 
almost  feel  it  necessary  to  apologise  for  repeating  the  statement — 
that  when  a  current  of  electricity  is  ^  set  up  in  a  wire,  an  electro- 
magnetic field  is  almost  immediately  generated  in  the  region 
surrounding  that  wire.  But  the  converse  of  this*  is  also  true  viz. 
that  when  an  electro-magnetic  field  is  suddenly  set  up  around  a 
wire,  there  is  a  tendency  for  a  current  to  be  generated  in  that  wire 
during  the  setting'  up  of  t/u  fitld^  and  if  the  wire  forms  part  of  a 
complete  circuit  a  current  will  flow  along  it  The  source  of  the 
field  is  immaterial :  it  may  be  a  permanent  magnet,  a  straight  wire 
or  a  helix  carrying  a  current ;  all  that  is  essential  being  that  the 
lines  of  force  should  be  thrust  across  the  wire,  or  that  the  wire 
should  be  moved  in  such  a  manner  as  to  cut  the  lines  of  force 
transversely.  As  an  instance,  let  ab,  cp  (fig.  114)  be  two  wires 
running  side  by  side  for  a  certain 
distance,  each  forming  part  of  a  com-  ^  ^ 

plete  circuit.     If  a  current  is  started — — __ 

in  A  B,  lines  of  force  will  immediately  ^  p 

start  from  its  centre,  or  axis,  in  the 

form  of  widening  circles,  and,  cutting  the  kcrond  wire,  c  d,  set  up 
an  electro-motive  force  therein  and,  in  consequence,  generate 
an  electric  current  It  is  only,  however,  while  the  lines  of  force 
are  actually  cutting  the  second  wire  that  the  c^M.r.  is  developed, 
and  as  this  cutting  ceases  immediately  the  current  in  a  d  arrives 
at  its  full  strength,  the  induced  current  lasts  but  for  a  moment 
In  direction  if  is  opposite  to  the  current  in  the  wire  A  u.  While 
the  original  current  is  steady  many  of  the  lines  of  force  due  to 
it  are  embracing  the  adjacent  wire  c  d,  though,  being  relativel} 
at  rest,  they  have  no  effect  thereon. 

But  when  the  current  in  a  b  is  stopped,  all  the  lines  of  force 
collapse  upon  it,  and  those  which  extended  beyond  the  wire  c  u 
again  cut  it|  and  thereby  induce  in  \\  another  momeni/iry  current. 
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But,  since  the  lines  now  cut  the  wire  c  d  in  the  opposite  sense  (for 
they  approach  it  from  the  opposite  side),  the  resulting  current  is  in 
the  opposite  direction  to  the  previous  one — that  is,  it  is  now  in  the 
same  direction  as  the  inducing  current  which  was  flowing  in  the 
wire  A  B.  By  noting  the  direction  of  the  lines  of  force  due  to  the 
inducing  current,  and  the  direction  in  which  they  must  coO  round 
the  wire  c  d  during  the  time  they  are  passing  it,  we  might  predict 
the  direction  of  the  induced  current  in  either  case.  It  is  some 
what  difficult  to  make  this  clear  by  diagrams,  but  an  analogy  may 
P^  ,^^  assist  us  to  a  great  extent. 

When  any  small  body  is 
dropped  on  the  surface  of 
still  water  it  breaks  that 
surface  into  a  series  of 
ripples  which  take  the  fomx 
of  ever- widening  concentric 
circles,  as  in  fig.  1x5,  whera 
A  is  the  point  of  generation. 
In  such  a  manner  do  the 
lines  of  force  qwing  into 
existence  fix>m  a  wire,  only 
with  fiur  greater  rapidity, 
and  it  is  difficult  in  either 
case  to  fix  a  limit  to  their  extent  if  the  medium  (the  water  or  the 
ether)  is  not  limited. 

Now,  if  these  water  ripples  meet  any  obstruction,  for  instancy, 
a  post  at  the  point  c,  they  set  up  around  it  a  series  of  circular 
ripples,  feebler,  perhaps,  but  precisely  similar  in  character  to 
themselves.  It  is  difficult  at  present  to  say  with  certainty  exactly 
what  happens  in  the  case  of  tiie  electro-magnetic  lines  of  force, 
but  we  can  safely  use  the  analogy  for  the  purpose  of  demonstrat 
ing  that  the  direction  of  the  lines  of  force  round  the  wire  in  which 
the  current  is  induced  is  opposite  to  their  direction  round  the 
inducing  wire.  For,  suppose,  as  in  the  case  of  the  lines  of  force, 
the  original  ripples  round  a  to  have  what  »  called  a  positive 
direction— that  is  to  say,  that  they  circulate  in  a  right-handed 
direction  after  the  manner  of  the  hands  01  a  dock,  as  indicated 
by  the  arrows ;  then,  since  that  direction  would  not  be  altered  b) 


Induced  Currents 


55 


reflection  at  the  obstacle  c,  they  must  go  round  c  left-handedly  or 
contrary  clock-wise.  Now,  if  these  were  electro- magnetic  lines  of 
force  we  know  (Chapter  IV.)  that  their  direction  would  indicate  a 
current  flowing  downward  through  A,  and  upward  through  c,  and 
thus  we  can  readily  perceive  how  the  starting  of  a  current  in  one 
wire  gives  rise  to  an  inverse  one  in  a  neighbouring  wire.  Further, 
we  see  that  it  is  only  while  the  original  ripples  generated  from  A 
are  passing  the  point  c  that  these  secondary  ripples  can  be 
generated  or  called  into  existence,  and  we  may  again  picture  to 
ourselves  how  it  is  that  a  current  is  induced  in  a  wire,  only  during 
the  time  that  the  current  in  the  neighbouring  wire  is  attaining  its 
full  strength. 

Let  us  now  suppose  it  possible  to  cause  a  series  of  ripples 
to  collapse  upon  the  point  a,  in  the  same  manner  as  we  imagine 
lines  of  force  to  collapse  upon  a  wire.  Before  arriving  at  a  they 
would  meet  with  c,  and,  p,o.  ,,4. 

as  before,  generate  a 
series  of  secondary  rip- 
ples, but  in  this  case  their 
direction  round  c  and  a 
would  be  the  same,  for 
now  they  approach  c  from 
the  opposite  side.  Again 
assuming  the  ripples  to 
have  a  positive  direction^ 
the  arrows  in  fig.  116 
show  that  their  direction 
will  be  the  same  round 
each,  and  if  A  and  c  were 
wires  and  the  circles  lines 
of  force,  the  current  in 
each  wire  would  be  flowing  downward  through  the  paper.  It 
thus  becomes  easy  to  imagine  how  the  stoppage  of  a  current  in  a 
wire  induces  in  a  neighbouring  wire  a  current  in  the  same  direction 
as  itsejf.  The  wire  in  which  a  current  is  induced  is  called  the 
secondary,  and  the  one  whieh  carries  the  inducing  current  is 
termed  the  primary  wire. 

Now,  if  in  fig.  1 14  the  wire  a  b,  while  carrying  a  steady  current, 
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were  suddenly  brought  close  to  CD,  or  if  CD  were  suddenly 
brought  close  to  a  b,  the  lines  of  force  would  cut  c  d  in  precisely 
the  same  manner  as  they  did  when  a  current  was  started  in  a  b. 
The  result  would  therefore  be  the  same,  that  is,  a  momentary 
current  would  be  developed  by  induction  in  c  d,  in  the  opposite 
direction  to  that  of  the  current  in  a  b.  Furthermore,  if  the  two 
wires  were  then  suddenly  moved  asunder,  c  d  would  be  cut  by  the 
retreating  lines  of  force,  just  as  it  was  cut  during  the  stopping  or 
the  dying  away  of  the  primar)*  current,  and  a  direct  induced 
current  would  therefore  be  the  result. 

These  induced  currents  bear  a  very  simple  ratio  to  the  currents 
producing  them.  The  e.m.f.  in  the  secondary  wire  is  proportional 
to  the  number  of  lines  of  force  which  cut  it,  and  also  to  the  rate 
at  which  they  cut  it.  Now,  the  number  of  lines  of  force  may  be 
increased  by  increasing  the  strength  of  the  current  in  the  primary 
wire,  or  by.  adding  to  the  length  of  the  wires  in  proximity.  It  is, 
however,  more  convenient  to  wind  the  longer  wires  in  spirab  or 
helices,  when  the  effect  Mrill  be  similar  to  that  which  would  result 
from  two  long  straight  wires.  It  is  evident  that  the  two  wires 
should  be  as  close  together  as  possible,  otherwise  those  lines  of 
force  very  near  the  primary  wire  would  not  reach  the  secondary 
wire  at  all,  and  would,  therefore,  fail  to  produce  any  effect  therein. 
In  some  cases  when  it  is  desired  to  obtain  a  powerful  induced 
current,  the  primary  and  secondary  wires  are  wound  in  the  form 
of  concentric  helices,  and  an  iron  core  is  inserted  to  increase  the 
number  of  lines  of  force  which  cut  the  secondary.  Having  by 
such  means  made  the  number  of  effective  lines  as  high  as  possible, 
the  only  other  thing  to  be  done  in  order  to  increase  the  secondary 
E.M.F.  is  to  make  the  rate  at  which  the  secondary  is  cut  by  these 
lines  as  great  as  possible. 

Now,  supposing  the  two  wires  ab,  cd  (fig.  114)  to  lie  quite 
close  together,  and  the  current  in  a  b  to  be  started  and  to  arrive 
at  its  full  strength  instantaneously ;  the  rate  at  which  its  lines  of 
force  cut  c  d  would  then  be  a  maximum,  and  it  would  not  be 
possible  to  further  increase  the  E.M.F.  of  the  induced  current, 
except  by  increasing  the  strength  of  the  current  in  a  b  and  so 
increasing  the  number  of  the  lines  of  force.  But  in  practice  a 
ciurent  does  not  rise  to  its  full  strength  instantaneously,  nor  does 
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it  stop  suddenly  ;  time  is  taken  for  the  lines  of  force  to  spring  into 
existence  and  to  die  away,  and  under  certain  conditions  this  time 
may  be  considerable.  To  understand  the  principal  cause  of  this 
sluggishness  let  us  refer  again  to  fig.  115  and  further  study  the 
case  of  the  water  ripples.  A  little  thought  or  experiment  will 
make  it  evident  that  the  secondary  ripples  round  c  will  quickly 
reach  the  point  a,  and  if  the  body  which  caused  the  disturbance 
•  is  still  there,  will  set  up  around  it  ripples  in  the  opposite  sense  to 
the  original  ones.  Now,  suppose  two  wooden  balls,  A  and  b,  were 
dropped  into  the  water  at  the  same  moment  close  together  and 
equidistant  from  c,  they  would  set  up  ripples  round  c,  each  to  the 
same  extent  and  in  the  same  sense  ;  in  fact,  the  ^lumber  round  c 
would  be  doubled.  But  still  stronger  is  the  e/fect  of  a  and  b  round 
each  other,  and  (still  assuming  a  positive  direction  just  as  we  do  for 
lines  of  force)  the  direction  of  the  ripples  so  set  up  round  each 
will  be  opposite  to  those  which  it  generates.  In  the  same  way  if 
a  primary  wire  is  looped  into  two  convolutions,  a  and  b,  they 
will  generate  round  an  equidistant  loop  of  the  secondary  just 
double  the  number  of  lihes  of  force  which  one  will ;  but  they  also 
react  upon  each  other,  each  setting  up  round  the  other,  lines  of  force 
which  would  gC^nerate  a  current  tending  to  stop  the  primary  one, 
the  result  being  that  this  primary  current  does  not  rise  so  rapidly 
to  its  full  strength.  I'his  retardation  increases  as  we  increase  the 
number  of  convolutions  ;  in  fact,  it  varies  directly  as  the  square  of 
the  number  of  convolutions,  because  each  one  acts  upon  all  the 
others  and  they  in  their  turn  act  upon  it.  Therefore  the  retarda- 
tion in  a*  coil  of  100  turns  would  be  100  times  as  great  as  in  a 
coil  of  10  turns. 

In  a  precisely  similar  manner  the  reaction  of  adjacent  convo- 
lutions prevents  the  instantaneous  stoppage  of  a  current ;  for,  at  the 
moment  of  disconnecting  the  battery  or  other  current-generator, 
lines  of  force  collapse  upon  each  convolution,  and  in  so  doing  they 
cut  the  othec  convolutions  and  generate  a  direct  induced  current 
which  will  also  vary  as  the  square  of  the  number  of  turns,  and 
tend  to  prolong,  or  retard  the  disappearance  of,  the  primary  current. 

The  electro-motive  force  resulting  from  this  collapsing  of  the 
limes  of  force  may  be,  and  usually  is,  much  higher  than  that 
which  maintains  the  original  current      For,  supposing  the  battery 
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used  consists  of  ten  Daniell  cells,  then  if  the  poles  are  connected 
by  a  short  piece  of  wire,  no  spark,  or,  at  the  most,  a  very  feeble  one, 
is  observable  wh^  the  circuit  is  closed  or  opened  quickly.    If 
thiS.sttne  battery  is  made  to  send  a  current  through  a  cofl  of 
ina9iy  turns  of  wire,  although  its  resistance  may  be  high  and  cause 
the  current  to  be  comparatively  weak,  yet,  on-making  the  circuit, 
a  spark  will  be  observed.    This  is  due  to  the  fact  that  the  lines  of 
force  fidl  back  so  quickly  upon  their  respective  convolutions  in 
the  coil,  that  they  cut  the  adjacent  convolutions  with  sufficient 
hipidity  to  generate  a  momentary  &.M.F.  high  enough  to  produce 
a  current  sufficiently  strong  to  volatilise  a  portion  of  the  metal,  and 
to  maintain  the  current  across  the  vapour-filled  space  for  a  brief 
interval,  even  after  the  wires  are  moved  asunder.    This  effect  is 
even  more  striking  if  in.  a  dark  room  contact  is  broken  between 
a  wire  and  a  mercury  surface,  when  a  little  of  the  mercury  is 
volatilisM  ;  and,  since  the  effect  of  iron  placed  in  the  vidnity  is 
to  increase  the  number  of  lines  of  force  which  are  active,  the 
spark  can  be  increased  enormously  by  placing  a  core  inside  the 
toil 

.The  term  *  self-induction '  has  been  given  to  this  action,  which 
prevents  the  instantaneoiis  rise  and  fall  of  a  current,  and  it  will  be 
evident,  from  what  has  been  said,  that,  in  the  case  of  a  simple 
Bftaight  wire,  this  phenomenon  is  almost  imperceptible,  and  that, 
ihl>rder  to  make  the  self-induction  of  any  drcuit  a  maximum,  the 
wire  should  be  wound  into  as  many  convolutions  as  possible,  and 
be  provided  with  plenty  of  \x<s^\ 

.  In  some  cases  it  is  desired  to  design  electro-magnets  which 
shall  be  affected  as  littie  as  possible  by  brie(  sudden  fluctuations 
of  the  magnetising  current  It  is  manifest  that  in  such  a  case  the 
ciectro-magnetic  inertia — that  is,  the  self-induction — ^must  be  made 
high  by  using  9^  long  and  massive  core  and  a  greatnumber  of  turns 
of  wire  ;  for,  as  we  have  seen,  self-induction  prevents  a  rapid  rise 
or  fidl  of  the  current,  in  just  the  same  way  as  the  'inertia'  of 
matter  prevents  any  instantaneous  change  in  its  motion.  li^  on 
the  other  hand,  an  electro-magnet  is  required  to  be  quick-acting^ 
Or  to  ^  very  sensitive  to  any  variation  ih  the  current,  self-induction 
should  be  as  low  as  possible,  and,  in  order  to  obtain  this,  the  coil 
should  consist  of  as  few  turns  of  wire  as  possible^  and  the  ooie 
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should  be  very  short,  or  the  turns  of  wire  should  be  confined  to 
its  end  or  ends. 

The  measurement  of  the  intensity  of  an  electro-magnetic  field 
is,  as  already  mentioned,  a  matter  of  great  practical  difficulty. 
However,  as  the  movement  of  a  wire  in  any  magnetic  fiel.d  tends 
to  set  up  a  current  in  the  wire,  and  as  the  field  may  be  that  of  a 
permanent  magnet,  or  even  that  of  the  earth,  and  since,  also,  the 
strength  of  any  field  is  proportional  to  the  number  of  its  lines  of 
force  per  unit  area,  while  the  current  generated  in  a  wire,  is  also 
proportional  to  the  number  of  lines  of  force  cut  by  it,  and  to  the 
rate  of  cutting,  we  may  compare  the  strength  of  different  fields  by 
observing  the  current  resulting  from  the  cutting  of  them  by  a  wire 
at  equal  speeds.  It  is  advantageous  to  wind  the  wire  into  a  small 
ooil,  and  place  it  in  the  field  with  its  plane  perpendicular  to  the 
direction  of  the  lines  of  force,  and  theii  suddenly  turn  it  through 
a  right  angle,  when  its  plane  will  be  parallel  to  the  lines  of  force, 
and  none  will  be  passing  through  the  coil.  The  £.11.  f.  resulting 
will  be  proportional  to  the  number  of  convolutions,  the  strength 
of  field  and  the  area  of  the  coil  (that  is,  to  the  number  of  lines  of 
force  passing  through  the  coil),  and  to  the  si^eed  with  which  the 
lines  are  removed  Special  galvanometers  are  constructed  to  give 
the  values  of  such  sudden  momentary  currcnt5,  by  comparing  which 
the  strengths  of  tlie  various  fields  can  be  measured 
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CHAPTER  VIII. 

DYNAMO-ELECTRIC   MACHINES   (ALTERNATE   CURRENT).  I 

In  the  preceding  chapters  we  have  dealt  with  some  of  the  principal 
laws  of  electric  purrcnts,  and  the  most  striking  phenomena  con- 
nected with  them.  The  student  will  not  have  failed  to  notice 
two  important  facts  :  (i)  That  when  a  wire  through  which  a  cur- 
rent is  passing  is  placed  in  a  certain  position  in  any  electro-mag- 
netic field,  it  has  impressed  upon  it  a  definite  mechanical  force 
tending  to  move  it  into  another  part  or  out  of  the  field ;  and 
(2)  when  a  conductor  is  mechanically  moved  in  a  field  trans- 
versely to  the  lines  of  force  traversing  that  field,  a  certain  electro- 
motive force  is  determined,  M'hich  sets  up  a  current  in  the  wire  if 
its  two  ends  arc  connected.  Extensive  use  is  made  of  both  these 
effects  in  practice,  and  on  a  very  large  scale.  Machines  which  are 
constructed  to  transform  cjiergy  which  exists  in  the  form  of  electric 
currents  into  energy  in  the  form  of  mechanical  motion,  and,  con- 
versely, machines  which  are  able  to  transform  energy  in  the  form 
of  mechanical  motion  into  energy  in  the  form  of  electric  currents, 
can  be  included  under  the  generic  head  of  'dynamo-electric 
machinery.* 

We  shall  first  consider  machines  of  the  latter  class,  which  are 
commonly  known  by  the  shorter  name  of  *  dynamos,'  deferring  a 
consideration  of  the  other  class  until  an  opportunity  offers  for 
dealing  with  such  apparatus  under  the  head  of  '  motors.' 

In  every  machine  for  the  conversion  of  energy,  there  is  ah?ays 
a  certain  amount  of  loss  attending  the  conversion  ;  in  other  words, 
less  energy  appears  in  the  new  than  existed  in  the  original  form. 
The  more  perfect  the  machine,  the  less  does  this  loss  become,  so 
that  a  theoretically  perfect  machine  would  be  one  m  which  there 
is  actually  no  loss  at  all.     It  is  absolutely  impossible  to  construct 
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such  a  machine,  but  in  every  case'  the  chief  aim  of  the  engineer 
should  be  to  make  the  loss  as  small  as  possible,  or  to  make  the 
machine  as  *  efficient '  as  possible.  The  proper  way  of  doing  this 
is  to  start  with  the  fact  established  in  accordance  with  the  doctrine 
of  the  'conservation  of  energy,*  that  energy  can  never  pass  out  of 
existence  or  be  destroyed  ;  that,  therefore,  the  whole  of  the  energy 
put  into  the  machine  reappears  in  some  shape  or  form,  although 
only  a  part  appears  in  the  exact  state  in  which  it  is  desired.  Stepst 
should  then  be  taken  to  ascertain  exactly  what  form  the  other  part 
takes,  and  the  designer  of  the  machine  should  study  how  to  reduce 
that  same  part,  which  may  be  called  'waste,*  to  a  minimum.  In 
all  machines  which-have  moving  parts,  a  certain  percentage  of  the 
energy  takes  the  form  of  heat,  due  to  friction  at  the  bearings  and 
other  surfaces  which  come  into  contact.  Every  dynamo  has 
moving  parts,  and  is  therefore  subject  to  loss  from  this  cause,  and 
the  well-known  methods  of  reducing  friction  by  good  workmanship 
and  design,  and  by  the  judicious  use  of  oil  or  other  lubricant,  are 
taken  advantage  of  to  minimise  the  loss.  But  there  arc  many 
other  causes  besides  mechanical  friction  which  operate  to  reduce 
the  efficiency  of  a  dynamo  ;  they  are  mainly  due  to  electro-mag- 
netic phenomena,  and  careful  study  is  required  in  discovering  how 
to  eliminate  or  minimise  them,  although  in  some  instances  the 
loss  may  be  readily  localised,  because,  like  friction,  these  pheno- 
mena convert  a  certain  amount  of  the  original  energy  of  mechanical 
motion  into  heat  One  of  the  principal  features,  then,  by  which  a 
dynamo  is  judged  is  its  efficiency,  or  by  the  ratio  of  the  energy 
re-appearing  as  electric  currents  to  the  total  amount  given  mecha- 
nically to  the  machine. 

We  ^ill  start  with  the  consideration  of  the  simplest  type  of 
dynamo-electric  machine,  and,  observing  its  weak  points,  endeavour 
to  trace  its  development  into  a  practical  and  highly  efficient  piece 
of  apparatus. 

Now,  it  is  only  during  the  time  that  the  lines  of  force  of  a  field 
^re  being  cut  by  a  conductor  that  an  e.m.f.  is  induced  in  that 
conductor ;  therefore,  in  order  to  obtain  a  continuous  current,  or 
a^  very  rapid  succession  of  currents,  it  is  evident  that  either  the 
cotiductor  or  the  field  must  be  kept  continually  in  motion.  Let 
W  first  study  the  case  of  a  fixed  field  and  a  movmg  wire,  assun:*ing, 
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for  the  moment,  that  we  have  a  strong  and  fairl>  uniform  field 
produced  by  the  opposite  poles  of  two  large  permanent  bar-magneto 
placed  near  to  each  other,  or  by  any  other  convenient  means.  A 
uniform  field  has  been  already  defined  to  be  one  m  which  the 
lines  of  force  are  straight,  parallel,  and  equidistant.  It  is  not  easy 
to  obtain  a  strong  uniform  field  of  any  great  extent,  so  that  the 
most  convenient  way  of  continually  cutting  lines  of  force  b  to 
cause  the  conductor  to  move  in  a  circular  path,  within  the  limits 
of  a  powerful  field  of  comparatively  small  area.  For  instance,  if 
the  wire  is  bent  into  a  single  rectangular  coil,  as  shown  in  fig.  117, 
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it  may  be  placed  in  the  field  with  its  plane  at  right  angles  to  the 
direction  of  the  lines  of  force,  so  that  as  many  as  possible  of  these 
lines  are  made  to  pass  through  it  If,  now,  this  coil  is  turned 
suddenly  through  an  angle  of  90®  about  the  axis  a  b^  its  plane  lies 
parallel  to  the  lines  of  force,  and  it  is  obvious  that  none  of  them 
now  pass  through  the  coil.  In  the  act  of  turning,  both  the  top 
and  the  bottom  limbs,  cd  and  efy  cut  a  certain  number  of  lines, 
setting  up  thereby  an  electro-motive  force  m  the  wire  ;  but  as 
these  two  horizontal  limbs  of  the  rectangle  cut  the  'lines  from 
opposite  sides,  tlie  direction  of  the  resulting  currents  in  them  is 
opposite.  In  the  lower  limb,  tf^  the  direction  is  from  fix)nt  to 
back,  and  in  the  upper  one,  <d^  from  back  to  front.  Both  currents, 
therefore,  pass  round  the  coil  in  the  same  direction.  The  side 
limbs  of  the  rectangle — that  is,  ce  and  <//— simply  slide,  or  slii\ 
through  the  lines  of  force,  and  do  not  att  them  ;  they,  therefore, 
have  no  current  induced  in  them,  and,  while  adding  to  the  resist 
ance  of  the  loop,  arc  useless,  except  for  the  pur^xwe  of  completing 
the  electrical  circuit.     The  student  may  now,  with  advantage. 


CHAP.  Yin.  Direction  of  Induced  Currents  233 

again  read  the  paragraph  in  Chapter  IV.  which  indicates  how  the 
direction  of  an  induced  current  can  in  every  case  be  predicted. 
In  the  present  case  the  lines  of  force  go  from  left  to  right,  and  the 
number  cut  by  each  limb,  so  far,  is  half  the  total  number  originally 
passing  through  the  rectangle. 

When  the  rectangle  is  turned  through  another  90°,  so  that  the 
limb  which  was  at  first  uppermost  is  now  at  the  bottom,  it  has  the 
maximum  number  of  lines  of  force  suddenly  thrust  through  it 
again ;  another  induced  current  is  the  result,  and  as,  during  the 
movement,  both  the  horizontal  limbs  cut  the  lines  from  the  same 
side  as  they  did  in  the  first  movement — that  is  to  say,  one  limb 
still  cuts  downwards  and  tha  other  still  cuts  upwards — the  direc- 
tion of  the  current  is  the  same  as  that  developed  during  the  first 
quarter  of  a  revolution.  Further,  as  the  number  of  lines  of  force 
cut  is  in  each  case  the  same,  the  induced  E.M.F.  is.  also  the  same, 
provided  the  rates  of  moving  are  equal. 

I(  therefore,  the  rectangle  is  rapidly  turned  at  one  sweep  from 
its  original  position  in  ^.  117  through  i8o^  a  current  will  be 
induced,  in  the  direction  shown  by  the  arrows,  during  the  whole 
of  that  movement  If  the  rotation  is  continued,  on  passing  the  180^ 
the  horizontal  limbs  again  begin  to  cut  the  lines  of  force,  but  they 
then  cut  them  from  their  opposite  sides,  or  in  the  opposite  direc- 
tion to  that  during  the  first  half,  revolution.  The  resulting  current 
is  therefore  in  the  opposite  direction  to  the  previous  one,  but  of 
jffcrecisely  the  same  strength  if  the  motion  is  uniform.  A  con- 
tinuous rapid  rotation  of  the  rectangle  then,  will  give  rise  to  a 
series  of  currents  alternating  in  direction,  two  distinct  currents 
being  generated  during  each  complete  revolution,  the  reversal 
taking  place  every  time  the  rectangle  passes  the  points  at  which 
its  plane  is  at  right  angles  to  the  lines  of  force. 

Supposing  both  the  field  and  the  speed  of  rotation  to  be 
uniform,  the  question  arises  whether 'the  E.M.F.  is  also  uniform 
during;  say,  the  whole  time  of  a  half  revolution.  As  the  induced 
E.1CP.  is  proportional  to  the  rate  at  which  the  lines  of  force  are 
cut,  it  is  only  necessary,  in  order  to  decide  this  question,  to  ascer- 
tain whether  the  rate  of  cutting  is,  under  the  circumstances,  also 
uniform.  A  little  reflection  will  show  that  just  when  the  rectangle 
begins  to  move  from  its  position  in  fig.  zz;  it  is  nv//r>if  hardly 
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any  lines  at  all,  but  that  Us  horizontal  limbs,  like  the  vertical 
limbs,  are  rather  sliding  along  or  slipping  through  them,  and 
therefore  at  the  beginning  of  the  movement  the  rate  of  cutting, 
and  consequently  the  £.M.r.,  is  comparatively  low.     Bui  when  the 

rectangle  has  turned  through 
about  90%  it  is  cutting  the  line^ 
almost  at  right  angles ;  there  is 
practically  no  sliding  whatever, 
and  tlie  rate  of  cutting;  and 
therefore  also  the  E.U.F.  pro 
duced,  is  much  greater— it  is, 
in  fact,  at  its  maximum.  This 
gradually  decreases  until,  when 
near  the  iSo"*,  the  e.m.f.  is  again 
at  a  minimum,  and  the  reversal 
takes  place. 

A  reference  to  fig.   118  will 
make  this   clearer,      ab   repre- 
sents  the  coil  viewed  end  on  in 
the  vertical  position  ;  x  the  axis  of  rotation,  and  a,  Bi  the  posi- 
tion of  the  coil  after  it  has  been  turned  through  30®.     Clearly  the 
number  of  lines  cut  by  the  top  limb  of  the  coil  are  those  enclosed 
P,^  „^  in  the  space  ac,  and  by  the 

bottom  limb  those  in  the 
equal  space  bd.  Therefore 
the  total  number  cut  during 
this  movement  of  the  coil 
may  be  represented  by  the 
sum  of  these  two  lines  a  c  + 

Now  in  fig.  1 19,  £  F  repre- 
sents thfs  position  of  the  coil 
after  it  has  been  turned 
through  60'  ;  if  from  this 
point  it  rotates  through  an 
other  30®  its  position  is  represented  by  Ej  f„  the  lines  of  force 
out  during  this  movement  being  all  those  included  in  the  space  ek. 
rvow  E  K  is  considerably  greater  than  a  c  +  b  d,  and  therefore,  as 
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the  field  is  uniform,  the  coil  cuts  a  much  greater  number  of  lines 
of  force  by  moving  through  30*  when  its  plane  is  nearly  parallel  to 
the  direction  of  the  lines  than  it  does  by  moving  through  an  equal 
angle  while  it  is  nearly  perpendicular  to  them.  But  as  the  speed 
of  rotation  is  uniform,  it  takes  precisely  the  same  time  to  pass 
through  these  equal  angles,  therefore  the  rate  of  cutting,  and 
consequently  the  E.M.F.,  must  be  much  greater  in  the  former  than 
in  the  latter  case.  In  fact,  the  rate  at  any  moment  is  proportional 
to  the  sine  of  the  angle  through  which  the  coil  has  then  moved 
from  the  vertical  position. 

We  have  defined  a  magnetic  field  of  unit  strength  to  be  one 
having  one  cg.s.  line  of  force  per  square  centimetre,  and  if  a 
conductor  one  centimetre  in  length  is  moved  transversely  through 
this  field  at  a  velocity  of  one  centimetre  per  second,  it  will  cut  one 
line  of  force  per  second,  and  thereby  develop  one  co.s.  unit  of 
electro-motive  force.  If  either  the  strength  of  field,  the  velocity, 
or  the  length  of  wire  be  doubled,  the  resulting  r.m.f.  will  be 
doubled,  the  number  of  lines  cut  per  second  being  increased  two- 
fold. If  we  simply  know  the  number  of  lines  of  force  cut  per 
second,  the  e.m.f.  can  be  calculated  without  any  consideration  as 
to  the  length  of  conductor  or  strength  of  field.  If  the  field  is 
not  uniform,  however,  or  if  the  wire  moves  at  a  varying  speed,  the 
rate  of  cutting,  and  therefore  the  f^j^lf.,  will  fluctuate.  But  the 
average  of  this  fluctuating  E.M.F.  will  be  equal  to  the  average  rate 
of  cutting,  that  is  to  say,  it  can  be  found  by  dividing  the  whole 
number  of  lines  cut  by  a  conductor,  by  the  time  in  seconds 
occupied  m  the  cutting.  If,  therefore,  the  rectangle  in  fig.  117 
makes  one  revolution  per  second,  and  the  maximum  number  of 
lines  of  force  embraced  by  it  in  the  zero  position  is  denoted  by  n, 
then  each  limb  will  cut  2  n  lines  per  second,  because  it  cuts  the 
whole  number  n  during  the  downward  sweep,  and  again  during 
the  upward  movement.  Consequently  each  limb  develops  an 
average  E.11.F.  of  2  n  cg.s.  units,  and  as  both  limbs  are  connected 
in  series  the  total  p.m.f.  becomes  4  n  units.  Further,  if  the  rect- 
angle makes  n  revolutions*  per  second  instead  of  only  one,  then  n 
times  as  many  lines  will  be  cut  per  second,  and  the  average  E.M.F. 
will  be  4  N  If  units.  But  since  the  cc.s.  unit  of  electro-motive 
force  is  so  very  small,  a  much  greater  practical  unit,  called  the 
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volt,  equal  to  100,000,000  cg.s.  units,  is  employed.  All  results 
obtained  in  co.s.  measuref  must,  therefore,  be  divided  by  this 
number  to  give  the  value  in  volts,  and  the  simple  equation  may 
be  written, 

average  e.m.f.  =  — i^L? volts. 

100,000,000 

It  may  be  mentioned  that  the  value  of  n  is,  in  actual  machines, 
very  high,  being,  as  a  rule,  several  millions.  In  practice,  it  is  this 
average  e.m.f.  which  concerns  us  most,  but  we  may  observe  that 
if  the  rectangle  were  rotated  at  a  constant  speed  in  a  uniform 
field,  the  actual  £.m.f.  being  developed  at  any  moment  when  it 
had  moved  through  an  angle  a  from  the  zero  position  would  be 

^       2v  sin  AN//      ,^ 

£  =»  —  volts. 

100,000,000 

The  above  refers  to  the  case  of  two  active  wires,  forming  limbs  of 
a  rectangle  and  joined  up  in  series  in  such  a  manner  that  the 
E.M.F.  of  one  is  added  to  that  of  the  other.  *  The  resulting  E.M.r. 
is  twice  that  developed  by  one  active  limb ";  and  if  the  wire  were 
wound  in  a  number  of  convolutions^  it  would  be  necessary  to 
multiply  by  the  number  of  active  limbs  then  joined  in  series  (instead 
of  by  2,  as  in  the  present  case)  to  obtain  the  total  £.m.f. 

The  function  above  referred  toas  the  *sine,'  is  one  with  which 
the  student  will  frequently  come  in  contact.  Perhaps,  therefore, 
it  will  now  be  as  well  to-  explain  briefly  what  is  meant  by  the  sine 
of  an  angle.  If  in  one  of^the  two  straight  lines  which  contain  any 
angle,  such  as  ex  r  in  fig.  119,  any  point,  say  £,  is  taken,  and  from 
it  a  line  e  r  is  drawn  perpendicular  to  the  other  line,  a  right-angled 
triangle,  e  x  r^  is  formed.     The  length  of  the  perpendicular  e  r 

*        E  R 

divided*  by  the _ length  of  the-  hypotenuse  ex,  that  is,    -*  ,  is  a 

definite  value,  no  matter  what  the  area  of  the  right-angled  triangle 
may  be,  provided  the  angle  exr  is  unaltered.     And  this  ratio 

L^  is  called  the  sine  of  the  angle  exr.     The  sine  of  any  other 

£  X 

.  A    P 

angle  is.  similarly  measured ;  for  instance,  in  fig.  xz8    '      is  the 

A|  X 

sine  of  the  angle  a^x  p.    If  we  always  choose  the  same  length  of 
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line  for  the  dci^ominr.tcr,  r.5  will  be  the  rase  if  it  forms  the  radius 
of  the  same  or  equal  circles,  as  e  x  and  a,  x,  and  let  it  be  equal  to 
uni(y,  then  the  sine  is  simply  measured  by  the  numerator  E  R  or 
A,  p,^  that  is,  by  the  length  of  the  perpendicular.  When  the  angle 
becomes  very  small  the  perpendicular,  and  therefore  the  value  of 
the  sine  also,  becomes  very  small ;  in  the  case  of  the  imaginary 
angle  o*  the  perpendicular  disappears,  the  sine  of  o*  being  o. 
When  the  angle  is  90^  the  perpendicular  coincides  with  and  is 
equal  to  the  radius.  The  sine  of  90"*  is  therefore  i,  and  this  is  the 
highest  possible  value  of  the  sine.  It  decreases  as  the  angle 
further  increases,  until,  at  180^,  its  value  is  again  o.  From  here  it 
is  reckoned  as  negative,  the  sine  of  270  being  —  i.  By  referring 
to  a  table  such  as  that  on  p.  98  the  value  of  the  sine  of  any  angle 
can  readily  be  found,  and  we  can,  therefore,  calculate  the  relative 
value  of  the  E.M.F.  at  any  position  of  the  rectangle,  and  also  show 
diagramatically  how  the  E.M.F.  should  rise  and  fall  in  a  perfectly 
uniform  field. 

In  fig.  Z20  the  portion  a  f  of  the  horizontal  line  a  b  represents 
f  circle  straightened  out,  each  of  the  four  equal  parts  into  which  it 
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(a  f)  is  divided  being  equivalent  to  90*,  that  is,  a  quarter  of  a 
revolution  of  the  rectangle.  Similarly,  this  line  a  f  might  be  sub- 
divided into  360  parts  to  represent  the  360  degrees,  and  any  point 
along  it  could  then  be  taken  to  denote  the  position  of  the  rect- 
angle when  turned  through  a  corresponding  angle  from  zero.  Now 
we  have  observed  that  the  e.m.f.  at  any  point  is  proportional  to  the 
sine  of  the  angle  through  which  the  coil  has  then  turned  from  zero; 
and  it  is  convenient  to  take  a  number  of  poinU  along  this  line,  and 
at  each  of  them  erect  a  perpendicular  proportional  in  length  tq 
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the  sine  of  the  ahgle  which  that  particular  point  repreaentiu 
During  that  half  of  the'  revolution  in  which  the  tines  are  reckoned 
as  minus,  the  perpendiculars  should  be  drawn  below  the  line, 
indicating  the  reverse  direction  of  the  Lif.r.  and  current.  For 
instance,  at  90^.  the  sine  will  have  the  greatent  value,  viz.  unity, 
while  at  45*  the  perpendicular  will  be  only  0707  of  that  at  90*, 
because  the  sine  of  45®  is  0707  ;  at  a7o'*  the  sine  is  —  r,  and 
therefore  the  perpendicular  equal  in  length  to  unity  is  drawn  below 
the  line. 

By  joining  the  extremities  of  these  perpendiculars  we  obtain 
tf  curve  known  as  a  sine  curve,  which  at  a  glance  indicates  the 
manner  in  which  the  E.M.F.  rises'  and  falls  during  one  complete 
revolution  of  a  simple  coil ;  and  the  whole  of  the  curve  from  A  to 
B  shows  the  fluctuation  of  the  £.ii.F.  during  two  revolutions. 

If  in  fig.  119,  B  X  is  taken  as  unity,  it  may  represent  the  height 
of  c  or  ^  the  highest' points  on  the  sine  curve,  and  then  B  c  will 
be -the  length  of  the  perpendicular  representing  the  electro-motive 
force  at  60^,  for  E  c  is  the  sine  of  the  angle  b  x  g,  which  is  the 
angle  (60^)  through  which  the  coil  has  turned  from  the  vertical 
position.  Similarly,  A|C  (fig.  118)  will  represent  the  E.M.F.  de- 
veloped when  .the  coil .  ha»  turned  through  30%  for  a,c  is  the  sine 
of  that  angle. 

The  curve  (fig.  120)  shows  that  the  e.u.p.  at  90^  is  equal  to 
that  at  370"*,  but  that  it  is  positive  in  the  one  case'^and  negative  in 
the  other. 

Referring  again  to  figs.  118  and  119,  we  observt  that  the 
'  effective  area '  of  the  coil,  with  respect  to  the  lines  of  force  which 
it  embraces  in  the  position  Aj  tS|,  is  proportional  to  Ai  l,  and  in 
the  position  E  r  to  E  k — that  is,  A|  l  and  E  K  are  proportional  to 
the  number  of  lines  ci  force  passing  through  the  coil  in  the  two 

positions.     Now,  -  '  -  is  the  cosine  of  the  angle  through  which 

Ai  B| 

the  coil  has  already  rotated,  for  the  angles  A|  x  a  and  p  a,  x  are 
equal,  of  it  is  the  sine  of  the  angle  which  the  coil  makes  with  the 

•  EX 

direction  of  the  lines  of  force  :  as  is  also .     Taking,  for  sim- 

E  F 

plicity,  the  equal  lengths  a,  b,  and  E  r  as  unity,  we  sec  that  the 
number  of  lines  of  force  passing  tnrough  the  coil  in  any  position 
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in  a  uniform  field  »s  proportional  to  the  cosine  of  the  angle  through 
whicH  it  has  been  turned  from  its  position  at  right  angles  to  those 
lines,  and  also  to  the  sine  of  the  angle  which  it  makes  with  the 
lines  of  force. 

These  variable  alternating  cyrrents,  depicted  in  fig.  rao,  being 
thus  developed  by  the  rotation  of  the  wire  rectangle,  some  device 
is  required  to  enable  us  to  lead  them,  away  to  an  external  circuit 
.and  tiierC  make  use  of  them.  The  tcectanjrle  might,  for  this  pur- 
pose,  be  mounted  on  a  wooden  spindle  (fig.  121),  and  its  ends 
connected  to  two 

-  ,  .  lie   r«'. 

flat  metal  rings, 
H  L,  fixed  a'  little 
distance  apart  on 
the  spindle,  con- 
tact being  then 
made  by  means  of 
a  flat  spring,  or  a' 
wire  brush,  press- 
ing against  each  of 
the'Hngs.  By  attaching  wires  to  these  contact  brushes  the  currents 
can  be  conducted  away  to  any  desired  point. 

It  remains  now  to  show  to  wli'at  extent,  in  practice,  we  can 
coipply  with  the  conditions  which  theory  teaches  us  will  tend  to 
make  the  e.m.f.  high.- 

For  a. small  machine,  permanent  ^i^vgi^ets  may  be  used  to 
su[)ply  the  field,  and  for  this  purpose  a  horse-shoe  magnet  is  found 
to  be  very  convenient  but  it  should  be  bored  out  or  fitted  with 
soft  iron  cheeks,  of  such  a  shape  that  there  is  just  su/Hciei>t  room 
for  the  wire  coil  to  rotate  between  theni.  The  steel  should  be 
strongly  magnetised,  and.  if  cf  considerable  size,  it  should  be 
laminated,  or  built  up,  of  a  number  of  these  magnets  with  their 
like  poles  adjacent.  A  circular  magnet  (fig.*  ^22),  divided  at  one 
part  of  the  circle,  and  with  just  sufficient  space  bored  out  for  the 
coil  to  rotate  is  better  than  one  of  the  ordinary  horse-shoe  pattern, 
although  not  so  easy  to  make.  Having  obtained  the  magnetic 
field  the  next  thing  is  to  get  as  fnany  as  possible  of  the  lines  of 
force  to  pass  through  the  coil  of  wire.  Iron  here  comes  to  our 
assistance  once  more,  for,  by  wnding  the  rectangle  round  a  core 
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of  pure  soft  iron,  we  concentrate  those  lines  which  would  otherwise 
stray,  and  the  number  passing  through  the  wire  is  greatly  increased. 
It  is  almost  superfluous  to  add  that  the  actual  area  &f  the  rectangle 
should  be  as  great  as  possible,  provided  that  'it  is  kept  within  ^e 
limits  of  the  field,  and  since,  as  w.e  have  seen,  the  induced  E.M.F. 
is  proportional  to  the  number  of  active  conductors  joined  in  series, 
the  wire  may  be  wound  into  a  coil  consisting  of  a  number  of  turns 
p,o,  „3,  instead  of  only  one.     Now,  a  coil 

in  which  currents  are  induced  by 
its  movement  within  a  magnetic 
field  is  generally  called  an  ^arma- 
ture.' The  core  of'  one  of  the 
earliest  forms  of  armature  is  shown 
in  section  at  a,  between  the  poles 
of  the  circular  magnet  f,  in  fig.  122, 
and  although,  when  criticised  in  the 
light  of  our  present  knowledge,  the 
design  proves  to  be  very  faulty,  it 
will  serve  very  well  to  illustrate  the 
^  principle.    A  view  of  this  armature 

is  also  shown  m  fig.  123.  It  consists  of  a  considerable  length  of 
silk-  or  cotton-covered  copper  wire,  wound  in  the  grooves  of  a 
shuttle-shaped  piece  of  soft  iron,  a  b,  which  is  usually  aibout- twice 
as  long  as  its  greatest  width.  It  is  provided  at  one  end  with  a 
driving-pulley,/,  and  at  the  other  end  by  asdevice  for  communi- 

Fir.  laj. 


eating  the  current  to  the  external  circuit  Good  effects  can  be 
Obtained  by  rotating  such,  an  armature  in  a  strong  field.  The 
speed  of  rotation  must  be  high,  but  this  can  readily  be  obtained 
by  any  mechanical  multiplying  device,  such  as  a  pulley  of  large 
diameter  driving  a  smaller  one  on  the  armature  spindle.  Although 
the  E.M.F.  increases  with  the  number  of  turns  of  wire  on  the  arma- 
ture, it  is  found  that  this  increase  is  not  by  any  means  proportional. 
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eftpecially  when  the  speed  of  rotation  becomes  ver>*  high.,  One 
Important  reason  is  because  the  conditions  are  very  favourable  for 
the  'self-induction'  of  the  armature  to  make  itself  evident.  ^Ve 
have  already  seen  that  this  effect  becomes  very  marked  .with 
rapidly  var)*ing  or  alternating  currents,  and  since,  also,  it  increases 
witb  the  square  of  the  numlSer  of  turns  of  wire,  it  is  obvious  that 
the  number  cannot  be  indefinitely  increased  with  any  prospect  of 
satisfactory  results.  The  ilicrease  of  resistance,  though  not  in 
itself  such  an  important  matter,  also  limits  the  length  of  the  wire. 
It  is,  therefore,  preferable  to  endeavour  to  increase  the  strength  of 
the  field  and  the  length  of  the  active  limbs  of  the  coil  rather  than 
the  number  of  turns. 

That  the  design  of  the  shuttle  armature  is  faulty  may  easily  be 
proved,  for,  after  being  rotated  for  a  little  time,  the  iron  shuttle  or 
core  gets  quite  warm.  Now,  this  heat,  so  develofjed,  represents  a 
definite  fraction  of  the  energy  exj^ended  in  rotating  the  armature, 
which,  as  it  does  not  reappear  as  electricity,  is  to  all  intents  and 
purposes  wasted.  It  is  an  interesting  fact,  that  whenever  a  masn 
of  metal  is  rapidly  rotated  in  a  magnetic  field  its  temj^erature  rise*», 
the  heat  being  the  direct  result  of  currents  of  elet«5ricity  which  arc 
induced  in  the  metal,  and  which  arc  known  an  *  eddy '  currents. 
Their  initial  direction  is  at  right  angles  to  the  lines  of  force  of  the 
magnetic  field,  and  also  at  n'ght  angles  to  the  direction  in  which 
the  mass  moves  ;  therefore,  in  the  shuttle  armature,  they  travel 
lengthways  along  the  iron  core,  completing  their  circuit  in  a  more 
or  less  circular  jKith  in  the  iron  (whence  they  gain  the  name  <^ 
•eddy'  currents), and  they  follow  the  general  law  in  reacting  upon 
the  field  in  which  they  are  produced,  in  such  a  manner  as  to  tend 
to  stop  the  motion  of  the  moving  Ixady.  The  h.ii.>.  of  these 
currents  is  not  high,  but  as  the  mass  of  the  metal  is  j;rcat,  and  its 
resistance  therefore  smalt,  th«  currents  arc  siifficicntly  strong  to 
considerably  raise  the  tcmix;rature  of  the  metal.  In  fact,  it  is 
possible  to  melt  a  piece  of  a  metal  which  fuse*t  at  a  low  tempera- 
ture, by  simply  spinning  it  rapidly  in  a  vcr)-  strong  field. 

It  is  evident  that  such  a  certain  sign  as  this,  that  energy  is 
being  wasted,  must  not  be  ignored,  and,  since  we  cannot  stop  the 
tendency  for  the  currents  to  be  produced,  the  only  alternative  is  to 
put  difficulties  in  the  way  of  thrir  production. 
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In  the  case  in  question,  the  best  method  i.s  to  *  laminate'  the 
armature,  or  to  build  it  up  with  a  number  of  small  discs  cut  to  the 
required  shape  and  bolted  together,  instead  of  using  a  solid  piece 
of  iron.  The  iron  must  be  continuous  in  the  direction  in  which 
the  lines  of  force  have  to  ijass  through  it,  otherwise  the  efficacy  of 
its  action  in  concentrating  these  lines  would  be  seriously  impaired, 
while  it  must  be  discontinuous  in  the  direction  in  which  the  eddy 
currents  tend  to  flow,  viz,  at  right  angles  to  the  lines  of  force.  To 
meet  these  requirements  the  discs  threaded  on  the  spindle  must 
be  well  insulated  one  from  another,  although,  on  account  of  the 
low  E.M.F.,  a  sheet  of  thin  ijaper  or  a  layer  of  \-arnish  is,  as  a  rule, 
sufficient  It  is  hardly  necessary  ta  adopt  this  precaution  in  the 
kind  of  machine  we  have  been  considering,  which  is  very  small, 
and  only  made  t^^  be  driven  by  hand-power,  but  it  becomes  abso- 
lutely necessary,  as  well  as  economical,  in  the  larger  machines 
driven  by  steam-power.  At  first  sight  it  would  appear,  remember- 
ing that  the  E.M.F.  developed  in  the  armature  coil  varies  as  the 
rate  at  which  the  lines  of  force  are  cut,  that  the  e.m.f.  of  a  mag- 
neto-electric machine  should  be  simply  proportional  to  the  speed 
of  rotation,  the  strength  of  the  field  being  invariable.  But  there 
are  several  causes  which  tend  to  prevent  the  increase  of  the  e.u.f. 
developed  by  the  augmentation  of  speed  attaining  this  proportion, 
the  principal  being  the  eddy  currents  produced  in  the  core,  the 
electro-magnetic  reaction  of  the  current  in  the  armature  upon  the 
field  produced  by  the  field-magnets,  and  the  self-induction  of  the 
armature.  It  is  important  to  notice  that  when  a  current  is  flowing 
round  the  armature  coil  the  whole  armature  is  in  reality  an  electro- 
magnet, and  it  acts  as  such  upon  the  poles  of  the  permanent 
horse-shoe  magnet  which  supplies  the  field,  this  reaction,  as  in 
every  similar  case,  tending  to  stop  the  motion  of  the  armature. 
If,  however,  the  armature  is  forcibly  rotated  against  this  tendency, 
the  result  is  that  the  magnetic  field  b  distorted  and  dragged  some- 
what out  of  its  true  position,  and,  as  the  current  in  the  armature 
rapidly  alternates  from  zero  to  a  maximum,  this  dragging  effect 
will  also  vary  considerably,  with  the  result  that  the  field  will  be 
kept  in  a  state  of  oscillation  and  its  uniformity  destroyed.  The 
maximum  current  in  the  armature  becomes  higher  as  the  speed  is 
increased,  and  the  distortion  of  the  field  is  then  greater,  the  result 
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being  a  tendency  to  prevent  the  E.M.F.  rising  in  proportion  to  the 
speed.  Furthermore,  as  the  iron  core  has  a  greater  number  of 
lines  of  force  passing  through  it  when  the  current  increases,  itn 
permeability  may  also  become  appreciably  lower. 

Besidcb  the  waste  due  to  eddy  currents,  which  mcreases  ver) 
rapidly  with  the  speed,  the  e/Tcct  of  the  self-irwluction  of  the  arma 
ture  also  becomes  strongly  marked,  this  latter  not  only  preventing 
such  a  high  e.m.f.  being  attained,  but,  in  addition,  retarding  the 
rise  and  fall  of  the  current  In  fact,  were  we  able  to  plot  a  curve 
showing  the  rise  and  fall  of  a  current  in  this  shuttle  armature,  we 
should  find  it  somewhat  similar  to  that  given  in  fig.  120,  but  with 
the  important  differenre  that  it  would  be  shifted  more  or  less  to 
the  right,  its  maxima  and  minima  )>eing  less  in  value  and  occurring 
later  than  would  be  the  case  if  the  armature  had  little  or  no  self- 
induction.  Owing  to  the  fact  that  it  is  not  possible  to  construct 
a  practical  armature  with  as  little  self-induction  as  the  simple 
rectangle,  or  to  make  its  active  limbs, cut  the  lines  of  force  of  a 
uniform  field  in  such  a  regular  manner  as  is  done  by  our  expen- 
mental  rectangle,  we  do  not  in  practice  obtain  a  perfect  sine  curve 
for  the  curve  of  potentials  of  any  armature,  but  only  an  approxima 
tion  thereto. 

We  sh.all  presently  be  better  able  to  consider  the  reaction  on 
the  field  in  connection  with  a  different  type  of  armature,  but  we 
may  Jiere  remark  that  it  is  one  of  the  most  important  points  to  be 
borne  in  mind  in  deciding  how  a  more  powerful  and  efficient 
machine  can  be  obtained.  Now,  the  electro-motive  force  may  be 
increased  in  several  ways. 

z.  By  increasing  the  speed  of  rotation. 

2.  By  increasing  the  number  of  turns  of  wire  in  the  armature, 
thus  increasing  the  number  of  active  limbs  joined  in  series,  which 
cut  the  lines  of  force.  This  method,  as  already  pointed  out,  adds 
not  only  to  the  resistance,  but  also  to  the  self-mduction  of  the 
armature. 

3.  By  increasing  the  area  of  the  armature  coils,  or  by  making 
the  core  more  massive,  for  in  either  case  the  number  of  lines  of 
force  cut  by  the  coil  is,  within  certain  limits^  increased. 

4.  By  increasing  the  strength  of  the  field. 

The  last-named  method  is  the  freest  from  objections,  and  :t 
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Fig.  114. 


has  the  all-important  advantage  that,  the  stronger  the  fixed  field  is, 
as  compared  with  that  developed  by  the  armature,  the  less  is  the 
reaction  and  consequent  distortion  of  the  field. 

The  necessity  for  a  strong  field  is  so  apparent  that  powerful 
electro-magnets  are  now  usually  employed,  but,  as  might  be 
expected,  in  all  the  early  efforts  to  construct  a  dynamo-electric 
machine^  the  field  was  obtained  by  means  of  permanent  magnets. 
But  the  method  of  cutting  the  'armature'  wires  by  lines  of  force 
was  not  by  any  means  restricted  to  the  rotation  of  the  armature  in 
the  field.  One  very  interesting  method  was  applied  by  Wheat- 
stone,  and  is  still  largely  employed,  to  gene- 
rate short  intermittent  and  comparatively 
feeble  currents.  The  wire  in  which  the  cur- 
rents are  generated  is  wound  on,  let  us  say, 
two  bobbins  (see  fig.  124),  which  are  fitted 

m<  ■ '  t  .1  I    with  soft  iron  cores,  as  shown  by  the  dotted 
I  j        lines,  and  placed  one  on  each  pole  of  a  ix>wer- 
I  I        ful  permanent  steel  magnet.     Many  of  the 
^ -    ^  ^   lilies  of  force  due  to  this  steel  magnet  pass 

^  through  the  soft  iron  cores,  and  complete  the 

magnetic  circuit  across  the  air-space  at  the  top  in  the  well-known 
curved  form,  but  no. current  is  generated  in  the  wire  while  they 
are  undisturbed.  I^  however,  a  soft  iron  bar  is  placed  across  the 
ends  of  the  cores  and  very  near  to 
them,  as  shown  in  fig.  124,  or  as  shown 
by  the  dotted  lines  in  fig.  125,  a  great 
many  of  the  lines  of  force  rearrange 
themselves  and  pass  through  this  soft 
iron  *  keeper.'  In  moving  to  their  new 
positions  they  cut  the  convolutions  of 
the  coil  and  generate  therein  an  electro 
motive  force  which,  if  the  circuit  is  com. 
pleted,  gives  rise  to  a  momentary  current  When  the  keeper  is 
entirely  removed  the  original  arrangement  is  re-established,  and 
the  cutting  which,  then  takes  place  also  generates  a  momentary 
current^  but  in  the  opposite  direction  to  the  previous  one.  The 
most  convenient  way  of  rapidly  shifting  the  soft  iron  keeper  is  to 
mount  it  on  a  spindle  and  rotate  it ;  in  fig^  125  it  is  shown  at  a  ^ 
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in  the  position  at  right  angles  to  the  line  between  the  two  bobbins, 
while  the  dotted  lines  show  its  other  extreme  position,  0^  ^*,  when 
it  is  right  over  the  cores. 

In  fig.  126,  which  is  a  view  of  a  portion  of  the  actual  apiiaratus, 
this  keeper  ab  \%  shown  fixed  on  a  spindle,  which  also  carries  a 
pinion  gearing  into  a  larger  driving-wheel,  w,  turned  by  a  handle,  h. 
The  keeper  can,  by  means  of  this  arrangement,  bo  rotated  with 
considerable  velocity  in  front  of  the  two  bobbins,  which,  with  their 
cores,  are  shown  fixed  to  the  soft  iron  cheeks  screwed  on  to  the 
poles  of  the  horse-shoe  magnet  ns, 
which  is  a  compound  one,  being  built 
up  of  seven  thin  horse-shoes  bolted 
together.  Four  coils  are  usually  em- 
ployed, placed  symmetrically,  two. on 
each  pole ;  double  the  number  of 
currents  in  each  revolution  are  then 
generated,  but  the  principle  remains 
the  same. 

Hitherto  no  large  machines  built 
upon  the  foregoing  principle  have  been 
practically  used,  and  this  is,  perhaps, 
surprising,  as  the  advantages  due  to 
the  simplicity  of  construction  are  many 
and  important.  The  only  moving 
part  of  the  apparatus  is  a  mass  of  '"on 
which,  if  truly  balanced,  can  be  rotated 
at  a  very  high  speed  without  involving 
any  mechanical  difficulties,  and  as  all  the  coils  are  fixed,  connection 
between  them  and  any  external  circiut  can  easily  be  made. 
Mr.  W.  M.  Mordey  has,  howevti,  described  several  methods  of 
applying  this  principle  to  large  machines,  and  he  has  con«tnicted 
a  model  of  one  form  which  certainly  appears  to  be  charmingly 
simple  and  practical 

The  armature  and  field  coils  are  each  wound  in  the  form 
of  a  ring  of  rectangular  section,  the  former  being  of  larger  dia* 
meter  than  the  latter,  and  they  are  placed  concentrically,  With  the 
field  coil  inside  the  armature  coil.  A  number  of  pieces  of  iron 
are  placed  in  such  a  manner  that  the  rotation  of  an  iron  keeper 
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causes  many  of  the  lines  of  force  at  one  moment  to  embrace  hoti 
armature  and  field  coils,  and  at  the  next  moment  to  iiass  round 
the  field  coil  only ;  and  as,  during  their  movement  from   one 
position  to  the   other,  they  cut  the   armature  coil   transversely, 
alternating  currents  are  induced  in  that  coil. 

The  principle  may  be  more  easily  grasi^ed  by  a  consideration  of 
ithe  arrangement  illustrated  in  ^g,  127,  in  which  f  f  show  the  field 
Fic.  187.  coil  in  section  at  two  points  at 

opposite  extremities  of  a  diameter, 
and  A  A  show  sections  through 
two  similar  points  of  the  armature 
coil,  t)  is  a  iiKLss  of  iron  which 
embraces  both  the  annature  anH 
field  coils,  while  h  is  a  piece, 
equal  in  cross-section  but  having 
shorter  limbs,  which  embraces  the 
field  coil  only,  the  armature  coil 
being  placed  outside  the  yoke, 
p  is  a  keeper  carried  by  the  shaft, 
s,  which  can  be  rotated  rapidly, 
the  shaft  being  at  the  centre  of 
the  two  circular  coils,  f  f  and  a  a. 
If  a  powerful  current  is  sent 
through  the  field  coil  f  f,  a  large 
number  o(  lines  of  force  will  be 
developed,  and  their  arrangement 
will  largely  depend  upon  the  iron 
pieces,  h  and  b,  but  more  espe- 
cially -upon  the  position  of  the 
keeper  p  ^vith  respect  to  h  and  ». 
AXTicn'  p  is  situated  as  shown  in  the  figure  it  forms  with  b  aa. 
almost  complete  magnetic  circuit  of  low  permeability  round  both 
coils  A  and  F,  and  nearly  the  whole  of  the  lines  generated  by  the 
field  coil  in  the  vicinity  will  embrace  the  armature.  In  springing 
into  this  |x>sition  (shown  by  the  dotted  line),  the  lines  cut  the 
armature  coil  transversely  from  the  inner  side,  and  give  rise  to  a 
current,  depending  in  E.M.F.  upon  the  number  of  lines  and  the 
rapidity  with  which  their  position  is  changed,    ^\'hen  the  keeper 
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is  moved  away  there  is  a  considerable  air  gap,  offering  a  high  mag 
netic  resistance  at  the  ends  of  the  limbs  of  b,  and  consequently- 
many  of  the  lines  of  force  collapse  upon  the  coil  r,  cutting  the 
armature  from  the  outside  and  generating  an  E.M.F.  in  the  opposite 
direction.  Not  only  is  the  magnetic  resistance  of  the  path  round  the 
two  coils  made  greater,  but  as  p  rotates  it  reaches  a  position  where  it 
acts  as  a  keeper  to  the  iron  piece  h,  which  embraces  the  field  coil 
only,  so  that  an  almost  complete  magnetic  circuit  is  then  formed 
round  the  field  coil,  and  nearly  the  whole  of  thie  lines  of  force  pass 
through  H  and  p  and  very  few  extend  round  a.  Therefore,  if  the 
keeper  p  is  rapidly  rotated  the  armature  coil  will  be  cut  by  a 
number  of  lines  of  force  as  they  take  up  new  positions,  first  out- 
side and  then  inside  it  It  is  evident,  however,  that  it  would  not 
be  possible  to  make  all  the  lines  of  force  developed  by  the  field 
coil  take  either  the  one  path  or  the  other,  many  of  those  surround- 
ing the  coil  at  a  distance  from  the  iron  being  but  little  affected  by 
the  movement  of  the  keeper,  but  in  designing  an  actual  machine 
care  would  be  taken  to  so  dispose  the  iron  that  most  of  the  lines 
of  force  would  be  influenced. 

In  Mr.  Morde/s  machine  there  are  four  iron  pieces  similar  to 
\\  embracing  both  armature  and  field  coils,  placed  90^  from  each 
other  as  shown  in  fig.  128.  Between  these  are  placed  four  shorter 
pieces  similar  to  h,  outside  the  field  but  inside  the  armature  wire. 

The  lower  half  of  fig.  128  is  shown  in  section  ;  fig.  129  is  also 
in  section,  the  upper  half  from  a  to  the  centre  of  the  shaft,  and 
the  lower  half  from  the  centre  of  the  shafl  to  b,  so  as  to  obtain  a 
section  through  a  short  and  a  long  iron  limb.  The  mass  of  cast- 
iron  which  plays  the  part  of  a  keeper  may  be  described  as  a 
cylinder  having  four  deep  sector-shaped  notches  cut  at  each  end. 
If  viewed  end-on,  a  section  near  one  extremity  would  be  in  the 
form  of  a  cross,  while  a  section  through  the  middle  would  be 
circular.  In  the  figures  each  arm  of  the  cross  is  shown  as  forming  / 
a  keeper  to  one  of  the  smaller  iron  pieces  embracing  the  inner  or 
field  coil  only,  and  consequently  few  of  the  lines  developed  by  the 
field  coil  extend  round  the  armature  coiL  In  the  lower  part  of 
fig.  129  the  deep  notches  are  opposite  the  iron  pieces  which 
embrace  both  coils,  forming  a  great  break  in  the  magnetic  circuit, 
and  this  is  also  shown  in  fig.  128.    On  rotating  through  an  angle 
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of  45®,  however,  the  keeper  completes  the  various  magnetic  cir- 
cuits in  such  a  manner  that  most  of  the  lines  of  force  extend 
round  both  coils.  These  two  alternate  conditions  succeed  one 
another  rapidly  as  the  keeper  continuously  revolves.  As  the  lines 
of  force  are  rapidly  carried  backward  and  forward  past  the  arma- 
ture coil,  they  generate  therein  the  desired  currents,  but  they  also 
give  rise  to  eddy  currents  in  the  masses  of  iron  through  which 

Fic.iaq. 


Section  through  CD, 


Section  through  A  B» 


they  are  projected.  The  direction  in  which  these  eddy  currents 
would  be  set  up  is  parallel  to  the  currents  in  the  armature  core, 
and  therefore  the  masses  of  iron  should  be  laminated  so  as  to  give 
discontinuity  in  this  direction,  while  continuity  is  retained  in  the 
path  of  the  lines  of  force.  Consequently  the  iron  is  built  up  of  a 
number  of  thin  U-shaped  sheets,  insulated-and  bolted  together. 

Machines  in  which  steel  magnets  are  employed  for  producing 
the  field  are  often  called  magneto-electric  generators,  and  are 
sometimes  regarded  as  a  class  altogether  distinct  from  machines  in 
which  the  field  is  developed  by  one  or  more  electro-magnets,  but 
such  a  distinction  is  altogether  arbitrary. 

The  best  and  most  useful  form  of  so-called  magneto-dynamof 
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is  that  of  De  Meritens,  which  is  extensively  employed  for  lighthouse 
purposes.  A  jgeneral  view  of  a  simple  form  of  this  machine  is 
shown  in  fig.  130. 

The  armature  consists  of  a  series  of  sixteen  coils  fixed  round 
the  periphery  of  a  wheel  of  brass  or  other  non-magnetic  material 

Fig.  13a 


The  method  of  constructing  and  fixing  the  coils  is  shown  in  fig. 
131,  one  coil  and  a  portion  of  the  rim  of  the  wheel  being  in 
section.  A  flat  core  of  soft  iron  (composed  in  the  more  recently 
built  machines  of  eighty  pieces  of  soft  sheet  iron  one  millimetre 
thick  and  stamped  out  to  shape)  is  provided  with  rather  large 
pole-pieces,  and  has  wound  over  it  about  1^  pounds  of  copper 
Vire.  Each  coil  is  distinct  from  the  others,  the  cores  of  two 
adjacent  .coils  being  magnetically  insulated  (at  x  v,  flg.  132)  by 
a  thin  Strip  of  copper.    The  wheel  or  frame  to  which  the  coils 
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are  attached  is  furnished  with  a  number  of  substantial  lugs.  The 
ends  of  the  pole  pieces  of  the  cores  are  placed  between  these  lugs, 
and,  being  provided  with  semi-cylindrical  grooves  of  the  necessary 
dimensions,  the  whole  are  firmly  fastened  together  by  bolts.  It 
is  important  to  notice  that  the  extensions  of  the  cores  reduce  the 
air-space  between  the  poles  of  the  permanent  magnets  and  the 
f  ,c.  X9X.  cores  to  a  minimum, 

and  therefore  con- 
duce to  the  projec- 
tion of  the  highest 
possible  number 
of    lines    of'  force 

■A 

through  the  coils  and 
consequently  to  the 
generation  of  the 
maximum  attainable 

E.M.F. 

The  field  is  pro- 
duced by  a  series 
of  efght  compound 
steel  magnets  fixed 
horizontally  round 
the  armature  ring,  by  means  of  a  brass  framework.  The  inner 
surfaces  of  the  magnets  are  provided  with  small  soft  iron  pole- 
pieces,  so  that  the  coils  in  revolving  pass  as  close  to  the  field- 
magnets  as  possible.  The  magnets  are  disposed  uniformly  round 
tlie  ring,  the  coils  passing,  therefore,  north  and  south  poles  alter- 
nately. 

The  distance  between  the  limbs  of  each  magnet  being  exactly 
equal  to  that  between  the  opposite  poles  of  the  adjacent  magnets, 
and  this  distance  being  also  equal  to  the  length  of  each  coil,  it 
follows  that,  on  the  armature  being  rotated,  each  coil  passes  sixteen 
alternate  poles  in  one  revolution.  The  manner  in  which  the 
currents  are  induced  can  best  be  appreciated  by  a  reference  to 
fig.  132,  where  the  ring  has  only  four  coils  which  rotate  between  a 
similar  number  of  magnet  poles,  n  s  n  s,  one  coil  or  segment,  a  u, 
being  shown  in  section.  When  the  coils  are  in  the  position  shown, 
the  minimum  number  of  lines  of  force  is,  at  that'  moment,  passing 
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through  them,  but  after  traversing  another  45^,  the  core-extensions 
will  be  opposite  the  field-magnet  poles,  and  the  coils  will  then 
embrace  the  maximum  number  of  lines  of  force ;  at  this  latter 
point  the  reversal  of  the  current  takes  place.  The  coils  being 
all  wound  in  the  same  direction 
and  all  connected  together  in 
series,  it  is  evident  that  the  cur 
rent  in  the  adjacent  coils  will 
be  opposite  m  direction  to  that 
taken  by  the  current  in  a  b,  as  they 
are  passing  through  fields  de 
veloped  by  the  south  poles.  A\  ere 
the  adjacent  ends  of  the  neigh 
bounng  coils  connected  together, 
the  currents  m  the  various  coils 
would  therefor'*  neutralise  each 
other  and  no  electricity  could 
be  urged  through  the  extv:ma1 
circuit.  This  difficulty,  however,  can  be  very  readily  obviated,  as 
will  be  made  evident  by  a  reference  to  fig.  133.  Instead  of  con- 
necting the  adjact^nt  ends  of  two  coils  together,  the  connection  is 
made  between  their 

two     similar     ends,  *       ^^^ 

that  is  to  sa>,  the 
end  of  the  coil  a  to 
the  left  hand  is  con 
nected  to  the  similar 
end  of  B,  while  the 
end  of  B  to  the  right 
hand  is  connected 
to  the  nght-hand  end  of  c,  and  so  on.  In  this  way,  although  the 
currents  in  the  \'anous  coils  are  generated  in  opposite  directions, 
they,  instead  of  neutralising  one  another,  are  made  to  take  one 
common  direction  through  the  circuit  This  does  not,  of  course, 
alter  the  fact  that  the  currrent  delivered  by  the  dynamo  is  an  alter- 
nating one  that  is  to  say,  as  the  coils  advance  from  one  set  of 
magnet  pole*  to  the  next,  thr  direction  of  the  current  in  the  whole 
of  the  coils  \>  re\er6ed,  and  therefore,  also,  the  direction  of  the. 
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current  in  the  external  circuit  The  .whole  of  the  coils  in  fig. 
130  being  joined  together  in  series,  tha  total  E.11.F,  developed  is 
sixteen  times  that  developed  in  one  of  the  coils.  In  the  more 
recent  form  of  this  machine  there  are  five  armature  rings,  each 
with  its  sixteen  coils  and  eight  compound  magnets.  The  latter 
are,  for  very  apparent  mechanical  reasons,  fixed  radially  instead 
of  longitudinally,  and  they  have  a  total  weight  of  about  one  ton. 
The  eighty  coils  are  divided  into  two  circtiits  which  are  brought  to 
four  collecting  rings  mounted  in  pairs  on  an  insulating  bush  fixed 
on  the  principal  shaft  of  the  machine  and,  therefore,  revolving  with 
it.  This  type  is  almost  exclusively  employed  for  lighthouse  pur- 
poses, and  its  E.M.F.  varies  almost  directly  with  the  speed  of  rota- 
tion. It  is  unusually  strong  in  design,  the  parts  being  also  fixed 
together  in  such  a  manner  as  to  j>ermit  of  their  being,  whta 
defective  or  injured,  very  easily  removed  for  renewal  or  repair. 

It  has  been  pointed  out  that  the  best  means  available  for 
increasing  the  e.m.f.  and  therefore,  also,  the  strength  of  t)ie  current 
yielded  by  a  machine,  is  to  increase  the  strength  of  the  field. 
Now  there  is  a  limit,  which  is  soon  reached,  to  the  field  obtainable 
with  permanent  steel  magnets  even  if  built  up  of  thin  sections, 
because  the  maximum  number  of  lines  of  force  which  can  be 
urged  through  steel  is  comparatively  low,  and  even  then  only  a 
portion  of  this  number  can  be  permanently  retained,  whereas  with 
good  soft  iron  a  far  greater  number  can  be  forced  through.  If  the 
lines  of  force  are  produced  by  a  current  circulating  in  a  coil  of 
^'ire  enveloping  the  iron,  the  question  of  retentivity  does  not  arise. 
Consequently,  to  develop  a  given  amount  of  power,  a  machine  in 
which  the  field  is  produced  by  electro-magnets  is  considerably 
smaller  than  one  in  which  steel  magnets  are  employed. 

Primary  batteries  might  be,  and  in  £sict  were  at  one  time,  used 
to  furnish  the  current  for  the  purpose  of  exciting  the  field-magnets, 
but  it  is  fiar  more  economical  and  advantageous  to  obtain  this 
current  by  means  of  a  small. dynamo.  This  auxiliary  machine, 
which  we  will  for  the  present  refer  to  as  the  exciter,  must  be  able 
to  excite  itself  and  to  yield  a  current  continuous  in  direction. 
Descriptions  of  many  such  dynamos  ^i-ill  be  found  in  the  following 
chapters. 

We  can  scarcely  do  better,  in  commencing  a  study  of  the 
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modem  forms  of  alternating  machines,  than  describe  one  which 
would  appear:  to  follow  as  a  natural  evolution  of  the  De  Meritens. 
Such  a  machine,  excellent  alike  in  its  mechanical  and  its  electrical 
details,  is  the  one  designed  by  Mr.  Gisbert  Kapp,  and  illustrated 
in  fig.  134,  which  abo  shows  the  small  exciter  mounted  on  an 
extension  of  the  main  bed-plate,  its  armature  being  also  fixed  on 

Jhb  134. 


to  the  main  shaft.  The  field  is  produced  by  two  crowns  ot  short 
cylindrical  electro- magnets,  the  cores  of  which  arc  of  wrought.- iron 
4^  inches  in  diameter,  fixed  at  one  end  into  cast-iron  yoke  rings, 
and  provided  at  their  inner  ^nds  with  rectangular  pole-faces, 
between  which  the  armature  revolves.  There  are  twenty-eight-of 
these  magnets,  fourteen  in  each  crown.  Each  magnet  is  w^und 
with  186  turns  of  thick  insulated  copt^er  wire,  the  whole  of  the 
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coils  being  joined  in  series  and  offering  a  total  resistance  of  1*76 
ohms.  The  winding  of  these  coils  is  such  that  the  magnets 
forming  each  of  the  crowns  alternate  in  polarity,  while  the  oppos- 
ing faces  are  of  the  same  polarity.  One  continuous  core  is  used 
for  the  whole  of  the  coils  in  the  armature,  and  is>  built  up  by 
winding  thin  band-iron  upon  a  cast-iron  supporting  ring,  the  layers 
being  insulated  by  varnish  to  prevent  the  flow  of  eddy  currents. 
The  section  of  this  core  is  almost  rectangular,  with  its  grater 
dimension  radial.  The  armature  wire  offers  a  resistance  of  i'8 
ohms,  and  is  divided  into  fourteen  coils,  wound  over  the  core 
ring,  each  coil  consisting  of  eighty  turns  of  insulated  wire  120 
mils  (0*12  inch)  in  diameter,  wound  in  two  layers. 

The  manner  in  which  the  currents  are  generated  as  the  arma-* 
ture  rapidly  revolves  through  the  alternate  fields  is  very  similar  to 
the  method  of  production  in  the  De  Meritens  machine.  In  this 
case,  however,  the  lines  of  force  enter  the  armature  at  both  sides 
of  the  flat  ring  instead  of  at  one  side  only. 

The  extremities  of  the  armature  wire  are  connected  to  a  pair 
of  brass  rings  on  the  shaft,  from  which  the  current  is  collected  by 
copper  brushes.  As  the  E.M.F.  of  these  machines  is  usually  high, 
it  is  a  frequent  practice  to  place  the  collector-rings  on  opposite 
sides  of  the  armature,  so  that  the  attendant  cannot  touch  both 
brushes  at  the  same  time. 

The  machine  illustrated  is  one  constructed  within  the  last  few 
months.  Before  being  put  into  practical  use  a  number  of  expe- 
riments were  performed  to  ascertain  its  capabilities.  On  one 
occasion  it  was  driven  at  600  revolutions  per  minute,  and,  the 
exciting  current  being  9  amperes,  the  total  E.M.F.  developed  on 
open  circuit  was  1,000  volts.  AVhen  the  exciting  current  was 
increased  to  21  amperes  the  e.m.f.  rose  to  2,400  volts.  With  the 
same  exciting  current  and  the  armature  of  the  alternator  joined 
through  an  external  resistance  and  a  dynamometer,  a  current  of 
50  amperes  was  generated,  the  E.M.F.  at  the  terminals  then  being 
2,000  volts.  The  available  output  was  therefore  60,000  watts. 
The  power  absorbed  in  exciting  the  fleld-magnets  was  775  watts, 
or  about  x'3  per  cent  of  the  total  output,  the  loss  in  the  armature 
due  to  its  reshtance  being  27  per  cent 

The  cast-iron  bed-plate  is  very  substantial,  and  the  method  of 
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bolting  the  yoke-rings  to  it  and  to  each  other  is  clearly  shown  in 
the  illustration. 

When  all  the  coils  are  joined  in  series,  the  total  e.m.f.  at  the 
collecting  brushes  is  equal  to  that  developed  by  one  coil  multiplied 
by  the  number  of  coils,  but  occasionally,  in  such  machines,  a 
lower  E.M.F.  with  a  heavier  current  is  desired,  and  then  the  coils 
are  joined  in  parallel,  either  in  two  sets,  or  as  may  be  required 
An  equal  E.M.F.  might,  of  course,  be  obtained  with  fewer  coils  and 
pole-pieces,  provided  the  number  of  lines*  cut  in  the  same  time 
and  the  number  of  convolutions  in  series 'is  made  the  same  ;  but 
the  great  advantage  accruing  to  the  use  of  a  large  number  of  pole- 
pieces  and  coils  is  that  a  rapidly  alternating  current  can  be  ob- 
tained without  rotating  the  armature  at  an  enormous  speed,  and 
so  introducing  mechanical  difficulties. 

It  ought  perhapsto  be  explained  here  that  the  ciurent,  or  rather 
currents,  resulting  from  one  complete  rotation  of  a  coil  in  a  simple 
field,  which  may  be  represented  by  the  curve  a  c  k  f  in  fig.  120,  is 
called  an  '  alternation,'  and  any  similar  pair  of  currents  developed 
by  any  armature  with  any  field  is  also  called  an  alternation.  In 
estimating  the  rapidity  with  which  a  current  is  reversed,  it  is  better 
to  speak  of  the  number  of  such  alternations  which  take  place  in  a 
second,  rather  than  the  number  of  reversals.  The  majority  of  the 
machines  at  present  in  use  work  at  firom  80  to  100  alternations 
per  second,  and  to  obtain  the  latter  number  a  single  coil  in  a  single 
field  would  have  to  be  driven  at  6,000  revolutions  a  minute.  But 
although  a  rapidly  alternating  current  can  be  easily  obtained  with 
a  large  number  of  pole-pieces,  a  disadva^itage  results  from  the  fact 
that  these  pole-pieces  alternate  in  polarity  all  round  each  crOwn. 
Each  pole-piece  is  flanked  on  either'  side  by  others  of  opposite 
polarity,  and  a  very  large  percentage  of  the  lines  of  force  leak 
across  between  adjacent  limbs,  instead  of  passing  through  the 
armature  core,  and  are  wasted,  since  they  cannot  be  cut  by  the 
conductor.  This  defect  also  exists  in  the  two  machines  next  to 
be  described,  where  the  armature  contains  no  iron. 

The  form  of  altema^ng  current  dynamo  constructed  by  Siemens 
is  illustrated,  together  with  its  exciter,  which  is  driven,  independently, 
from  the  main  shafV,  in  fig.  135.  llie  field-magnets  present  nn 
appearance  similar  to  that  of  those  in  the  Kapp  machine^  consist- 
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ing,  as  they  do,  of  two  opposing  crowns  of  cylindrical  electro 
niagnets,  but  with  the  essential  difference  in  the  winding  that  the 


facing  pole-pieces  are  of  opposite  polarity.     The  adjaceni  polc- 
pieccs  on  each  frame  resemble  the  Kapp  in  being  also  of  opposite 
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polarit}'.  The  arrangement  is  clearly  indicated  in  fig.  136,  which 
shows  three  pairs  of  magnets  and  three  ideal  armature  coils,  and  it 
will  be  evident  that,  with  this  disposition,  the  lines  of  force  .pass 
from  ix>le  to  pole,  straight  across  the  armature  si>ace.  'ITie  plane 
of  the  armature  coils  is  coincident  with  the  plane  of  rotation,  so  that 
the  coils,  in  rotatirig,  cut  through  a- scries  of  powerful  field?*  with 
the  lines  of  force  alternating  in  direction.  As  through  any  adjacent 
pair  of  coils  the  direction  of  the  lines  of  force  is  opi)ositc,  it  is 

Kh..  13ft. 


necessary,  in  order  to  prevent  the  current  induced  in  one  coil  neutral 
ising  that  induced  in  the  other,  either  to  make  the  connections  as 
in  the  ca^  of  the  De  Meritens  (fig.  133),  or  to  wind  the  bobbins  as 
right-  and  left-handed  helices  alternately,  after  the  manner  shown 
in  Ag.  136.  The  number  of  armature  coils  being  the  same  as  the 
number  of  fields,  it  follows  that  all  these  coils  are,  at  any  particular 
moment,,  equally  active.  Referring  to  fig.  136,  in  which  the 
direction  of  rotation  is  left-handed,  it  will  be  seen  that  the  coils 
are  just  -leaving  the  pole-pieces,  and  currents  are  being  gene 
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rated  in  the  directions  indicated  by  the  small  arrows.  The  E.M.r. 
increases  until  the  coils  arrive  at  positions  midway  between  the 
pole-pieces,  where  it  is  a  maximum,  because  at  that  moment  the 
forward  half  of  each  coil  is  cutting  lines  of  force  in  one  direction 
and  the  rear  half  in  the  other  direction.  And  the  induced  cur- 
rents, flowing  outwards  in  one  half  and  inwards  in  the  other, 
coincide  in  direction  round  the  coiL  Every  line  of  force  then  cut 
by  the  coil  is  being  usefully  employed.  AVhen  this  middle  position 
is  passed,  the  number  of  lines  cut  by  the  front  half  increases,  while 
the  number  cut  by  the  rear  half  decreases,  and  this  continues 
until  both  halves  of  the  coll  are  cutting  lines  of  force  which  are 
all  in  one  direction.  Consequently,  an  opposing  E.M  J*,  is  induced 
in  the  rear  half,  the  value  of  which  increases  until  the  coil  is 
exactly  opposite  the  pole-pieces,  when  both  halves  will  be  cutting 
an  equal  number  of  lines  of  force,  which  are  all  in  the  same  direc- 
tion ;  whence  equal  and  opposite  e.m.f.*s  will  be  induced  in  the 
two  halves  of  the  coil,  thus  neutralising  each  other.  At  this  point, 
then,  the  reversal  in  the  direction  of  the  current  takes  place,  for, 
on  passing  forward,  the  front  half  of  each  coil  is  Cutting  less, 
instead  of  more,  lines  of  force  than  the  rear  halC  The  number  of 
alternations  in  each  revolution  corresponds,  therefore,  with  the 
number  of  coil^  or,  what  is  the  same  thing,  with  the  number  of 
fields. 

In  practice,  the  machine  is  built  up  on  a  cast-iron  bed-plate» 
to  which  are  securely  fixed  two  circular'  frames,  united  and  held 
in  position  by  a  stout  iron  stay.  An  equal  and  even  number  of 
electro-magnets  is  fixed  to  each  frame,  the  cores  being  turned 
down  so  as  to  fit  into  holes  drilled  through  the  frames.  These 
ends  are  likewise  tapped,  and,  nuts  being  screwed  on  on  the 
outside,  the  electro-magnets  arc  fixed  firmly  in  position.  The 
inner  ends  of  the  cores  are  furnished  with  radial  pole-pieces,  to 
concentrate  the  fields  and  increase  the  number  of  lines  of  force 
passing  through  the  rotating  armature  coils. 

The  armature  b  fitted  up  by  attaching  the  coils,  which  are 
wound  over  wooden  cores,  round  the  circumference  of  a  disc  or 
wheel  which  is  mounted  on  the  shaft.  The  coils,  instead  of  being 
circular,  like  those  in  fig.  136,  are  pear-shaped. 

A  general  view  of  the  latest  form  of  machine  designed  by  Mr. 
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S.  Z.  de  Ferranti,  is  given  in  fig.  137,  the  particular  one  illustrate^ 
being  constructed  to  develop  150  electrical  horse-power.  The  field- 
magnets  are  similar  in  principle  to  those  in  the  Siemens  Alternator, 
•and  consist  of  two  sets  of  electro- magnets,  attached  to  massive  iron 
rings  forming  the  yokes,  the  magnetisation  of  the  pole-pieces  round 
each  ring  being  alternately  north  and  south,  and  the  facing  pole- 
pieces  also  of  opposite  polarity,  so  as  to  develop  a  series  of  very  power- 

FiG.  137. 


ful  fields,  alternating  in  direction.  I'he  framework  carrying  each 
crown,  or  ring,  of  field-magnets  is  divided  vertically  into  two  halves, 
which,  on  being  unbolted,  can  be  slid  out  of  position  in  a  direction 
at  right  angles  to  the  shaft,  and  so  afford  access  to  the  interior  for 
cleaning  or  repair.  It  may  be  mentioned  that  in  larger  machines 
at  Deptford  a  small  steam-engine  is  specially  provided  for  the  pur- 
pose of  withdrawing  the  field-magnets  when  necessary^ 
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The  machine  is  driven  by  rope  gearing,  the  pulley  being 
grooved  for  the  purpose. 

The  method  of  sccuiing  the  cores  of  the  magnets  to  the  yoke- 
rings  is  unique.  The  wrought-iron  cores  of  half  the  magnets 
forming  each  crown  are  fuced  in  a  mould,  and  the  half  of  the 
yoke-ring  is  then  cast  on  to  them,  making  in  that  way  the  surest 
and  simplest  form  of  magnetic  connection  between  the  wrought- 
and  cast-iron  sections  of  the  field-magnets. 

The  great  feature  of  the  original  Fcrranti  machine  consisted 
in  the  construction  of  the  armature,  which  is  illustrated  in  f^g, 
138,      The  heavy   zigzag   hne   represents  half  of  the  armature, 

Fig.  138. 


which  consists  of  a  copper  ribbon  bent  round  and  bolted  to  a 
non-magnetic  framework  attached  to  the  shaft  The  faces  of  one 
set  of  field-magnets  are  shov.!!  behind  the  armature  strip,  and  it 
will  be  seen  that  the  space  occupied  by  each  complete  bend  in  the 
armature  is  equal  to  that  of  two  field-magnet  coils,  the  distance 
between  two  straight  radial  portions  being  equal  to  the  width  of 
one  coil.  AVhen  the  armature  is  rotated  all  the  r?idial  portions  of 
the  strip  are  usefully  employed  in  developing  E.M.T.  At  any 
particular  moment  each  of  these  portions  is  cutting  lines  of  force 
in  a  direction  reverse  to  that  of  its  immediate  neighbours. 
Consequently,  opposite  currents  are  generated  in  adjacent  radial 
portions,  but  the  zigzag  winding  naturally  makes  all  the  simul- 
taneously generated  currents  travel  round  the  armature  in  one 
common  direction. 


rwAF,  nif,  Ferranti  Altertuitor  26 1 

Alternate  cuirent  machines  being  usually  required  to  develop 
a  high  electro-motiye  force,  such  a  simple  winding  b  of  little  ser- 
vice, although  it  answers  the  purpose  admirably  when  only  a  low 
electro-motive  force  is  required.  The  B.1C.F.  developed  is^  of 
course^  proportional  to  the  actual  number  of  the  straight  radial 
portions  of  the  armature  wire  which  cut  the  lines  of  force  trans- 
vetaely.  It  is  manifest  that  to  gready  increase  this  number  in  a 
simple  rigzag  form  would  be  impracticable,  from  the  &ct  that  the 
number  of  field^magnet  bobbins  must  always  be  twice  that  of  the 
loops  in  the  armature.  The  practice,  therefore,  is  to  coil  the 
copper  ribbon  several  times  round  a  number  of  non-magnetic, 
pear-shaped  bobbins.  Then,  if  the  whole  of  the  bobbins  are  con- 
nected-in  series,  the  total  K.u.r.  developed  will  be  equal  to  the 
R.M.r.  of  one  multiplied  by  the  total  number  of  bobbins.  But  it 
is  no  unusual  thing  for  a  machine  to  develop  an  kilf.  of  several 
thousand  volts,  and,  were  this  method,  of  joining-up  adopted, 
serious  difficulties  in  maintaining  insulation  would  arise  at  the 
two  ends  of  the  series  where  connection  is  made  with  the  external 
circuit,  owing  to  the  fact  that  there  the  potential  difference  between 
the  two  adjacent  coils  would  be  the  maximum  developed  by  the 
machine.  Consequently,  the  armature  coils  are  always  grouped  in 
parallel  sets,  generally  two,  as  shown  in  fig.  139.  By  the  arrange- 
ment here  illustrated,  the  potential  difference  between  any  two 
adjacent  wire's  can  never  be  more  than  that  developed  in  one 
bobbin,  but  the  total  E.M.r.  of  the  machine  is  reduced  to  half  of 
what  it  would  be,  were  the  whole  of  the  coils  joined  in  series. 
Fig.  139  shows  very  clearly  the  way  in  which  the  coils  are  joined 
together.  Since  the  current  is  induced  in  the  opposite  direction  in 
adjacent  coils,  it  becomes  necessary  to  connect  alternately  the  two 
inner  and  the  two  outer  ends  of  the  coils  together,  otherwise  the 
E.M.F.  of  one  coil  would  neutralise  that  of  its  neighbour.  The 
c*ilrrents  generated  alternate  rapidly,  but  the  arrow-heads  indicate 
the  direction  which  the  current  takes  at  one  particular  moment 
i}i  and  fit  are  the  brushes  connected  to  the  external  circuit,  l^y 
means  of  which. the  currents  4ue  con\-eyed  from  the  insulated' 
metallic 'rings  on  the  armature  shaft 

There, are  at  .the   Grosvenor   Ganer5    Station    two    Ferranti' 
<i>-namos,  each  of  615  horse-powor,  and  a  few  detafls  concerning 


262 


Eucirtcal  Engineering' 


CHAP.  Tin. 


them  will  be  instructive.  The  mean  diameter  of  the  armature  is 
7  feet,  and  it  comprises  40  coils,  joined  up  in  two  sets  of  20.  The 
copper  ribbon  is  12*5  millimetres  wide,  and  075  millimetre  in 
thickness,  twenty-five  turns  being  wound  over  a  core  of  brass 
(insulated  with  asbestos)  to  form  each  coil,  the  convolutions  being 
insulated  by  means  of  a  continuous  strip  of  fibre,  0*5  millimetre 
thick,  wound  on  with  the  copper.    The  inner  end  of  each  coil  is 

Fig.  139. 


connected  to  the  brass'  core,  these  cores  being  also  electrically 
connected  together  in  pairs,  as  in/iicated  in  fig.  139.  In  a  ^me- 
what  similar  manner  the  outer  ends  of  the  coils  are  connected 
together  in  pair§  through  th^  supporting  framework. 

The  peripheral  velocity  of  the  armature  is  6,050  feet  per 
minute,  and,  manifestly,  special  attention  has  to  be  paid  to  the 
method  of  fixing  the  coils  to  prevent  their  flying  out 

The  external  potential  difference  developed  is  2,400  volt%  but 
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by  the  adoption  of  the  device  shown  in  ^g.  139  the  maximum 
potential  difference  between  the  wires  on  neighbouring^  coils  is  re- 


duced to  X20  volts,    llie  resistance  of  the  armature  from  brush 
to  brush  is  0*176  ohm. 
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The  field-magnets  are  excited  by  a  separate  dynamo,  twelve 
electrical  horse-power  being  thus  absorbed.  There  are  80  bobbins 
on  each  yoke-ring.  The  distance  between  the  faces  of  opposite 
pole-pieces  is  only  0*875  inch,  which  is  one  of  the  important 
advantages  pertaining  to  this  form  of  armature ;  for  the  nearness 
of  the  opposite  pole-faces  reduces  the  wasteful  leakage  between 
adjacent  pole-pieces. 

One  of  the  most  interesting  and  most  important  machines  of 

recent  construction  is  that  designed  by  Mr.  W.  M.  Mordey,  and 

illustrated  in  fig.  140.     AVe  have  in  this  machine  two  departures 

Fic.  14X.  ffrom  the  practice 

adopted  in  con- 
structing the  ma- 
chines previously 
described.  In  the 
first  place,  the 
armature  is  fixed, 
and  the  field-mag- 
net rotated;  and, 
in  the  second 
place,  the  lines  of 
force  in  the  various 
fields  projected 
through  the  arma- 
ture coil  are  all  in 
one  direction,  the 
pole-pieces  on  one 
side  of  the  arma- 
ture being  all  of 
north  polarity,  and 
those  on  the  other 
side  of  south  po- 
larit)'.  The  waste 
of  exciting  power  due  to  leakage  between  adjacent  pole-pieces 
is  therefore  eliminated. 

The  armature,  which  is  shown  in  fig.  141,  consists  of  a  number 
of  coils  of  copper  ribbon,  wound  on  cores  of  paraffined  wood  or 
other  non-conducting  material,  the  different  layers  or  turns  o^ 
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ribix>n  being  insulated  one  from  another,  and  the  whole  of  the 
turns  in  each  coil  bound  together  with  strips  of  prepared  tape. 
Each  coil  is  bolted  at  the  outer  or  broad  end  between  two  brackets, 
the  ends  of  the  conductor  being  brought  out  through  porcelain 
insulators.  The  brackets,  being  bolted  to  the  large  gun-metal 
supporting  ring,  are  securely  and  rigidly  held  in  position,  and  the 
meul  supports,  which  do  not  anywhere  come  between  the  poles 
of  the  field-magnets,  are  almost  Entirely  beyond  the  magnetic 
field.  In  this  way  the  generation  of  wasteful  eddy  currents  is  re- 
duced to  a  minimum,  any  slight  loss  that  might  arise  from  this 
cause  J^ing  still  further  reduced*  by  the  employment  of  German 
silver  for  the  brackets  and-  bolts,  as  the  high  resistance  of  this 
alloy  prevents  the  generation  of  any  but  exceedingly  feeble  cur- 
rents. The  gun-metal  supporting  ring,  which  is  bolted  to  the 
bed-plate  of  the  machine,  is  in  two  portions,  being  divided  in  a 
vertical  diametrical  line.  These  two  parts,  after  having  received 
the  coils,  are  bolted  together  and  jto  the  bed-plate,  the  field- 
magnets  being,  however,  previously  placed  in  position.  By  this 
device  single  coils,  should  they  become  faulty,  can  be  easily  and 
quickly  removed  for  renewal  or  repair;  or  each  half  of  the 
armature  can  be  removed  without  difficulty  by  sliding  it  on  to  the 
stool  shown  in  the  figure. 

The  shape  of  the  field-magnet  is  most  remarkable,  and  differs 
altogether  from  that  of  an)  other  machine  yet  constructed. 

It  consists  of  a  single  electro-magnet  buil:  up  in  the  following 
manner  :  A  short  cylinder  of  iron,  through  the  axis  of  which  the 
shaft  passes,  forms  the  core  of  the  magnet,  and  is  wound  with  the 
exciting  coiL  To  each  end  of  this  cylinder  or  core  is  attached  a 
massive  iron  casting  of  peculiar  form,  which  will  be  best  under- 
stood from  fig.  142.  Each  casting  consists  of  a  number  of  horns 
or  claws,  which  bend  over  from  their  common  junction,  so  that 
the  extremities  of  the  two  sets  of  j^le-pieces  approach  within  a 
verv  short  distance  of  each  other,  the  narrow  polar  gap  or  slit  thus 
formed  being  only  just  wide  enough  to  contain  the  annature  coils 
without  touching  them  when  the  entire  field-magnet  is  revolved. 
The  ends  of  the  '  exciting '  coil  (which  is  to  be  seen  inside  the 
pole*pieces  in  fig.  142)  are  connected  to  collector-rings  on  the 
sbafty  as  shown  at  c  to  th«  right  of  the  figure.    These  might  be 
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dispensed  with,  and  the  exciting  coil,  as  well  as  the  armature, 
might  be  made  stationary.  The  core  and  its  pole-pieces  would 
then  be  the  only  portions  revolving,  and  the  electrical  effect  would 
bo  the  same,  but  serious  mechanical  difficulties  would  arise  in 
fixing  the  coil.  Hence,  it  is  far  preferable  to  attach  it  to  the 
rotating  cylinder.  The  simplicity  of  this  form  of  field-magnet  is 
one  of  its  great  features,  as  a  single  exciting  coil  suffices  for  a 
machine  of  any  size,  speed,  or  number  of  alternations.  The  hea 
rotating  field-magnet  acts  very  efficiently  as  a   fiy-wheel,   and 

Fic.  149. 


ensures  safety  ana  steadiness  of  running,  effectually  neutralising, 
within  certain  limits,  any  pulsations  due  to  irregularity  in  the  stroke 
of  the  engine.  Further,  as  the  parts  revolving  at  the  highest 
velocity  are  simply  solid  masses  of  iron  of  the  strongest  descrip- 
tion, the  electrical  and  mechanical  considerations  which  usually 
render  low  speed  advisable  do  not  apply  here.  The  insulation  of 
the  armature  coils  is  also  simplified,  and  being  stationary  they 
need  only  to  be  supported  with  a  view  to  resisting  the  drag  of  the 
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field.  The  armature  is  held  in  its  vertical  position  by  substantial 
horizontal  brackets  bolted  on  to  the  bearing-standards. 

The  method  of  joining  the  armature  coils  together  is  similar  in 
principle  to  that  illustrated  in  fig,  139,  the  inner  ends  of  the  coils 
being  joined  together  by  short  copper  rods  on  one  .face  <A  the 
frame,  and  the  outer  ends  on  the  other  face.  The  position,  of  one 
of  these  sets  of  connecting  wires  or  rods  can  be  seen  in  fig.  141. 
The  number  of  alternations  during  each  revolution  is  the  same  as 
in  the  case  of  a  Siemens  or  a  Ferranti  machine  having  an  equal 
number  of  armature  coils,  although  the  number  of  pole-pieces  is 
reduced  to  one  half.  This  arises  from  the  fact  that  the  current  in 
each  coil  is  reversed  at  that  mome];it  when  it  is  between  two  oppo- 
site pole-faces,  and  again  when  it  is  midway  between  two  adjacent 
pairs  of  pole-pieces — that  is  to  say,  at  the  moment  when  it  has  the 
maximum  number  of  lines  of  force  thrust  through  it,  and  again 
when  it  embraces  the  minimjum  number. 

Since  the  armature  coils  are  similar  as  regards  shape  and  the 
length  of  ribbon  wound  on  them,  and  as  the  various  fields  projected 
through  them  are  at  any  moment  equal,  the  £.m.f.  of  any  one  coil 
Is  an  aliquot  part  of  the  whole  ;  and,  as  all  the  coils  are  fixed,  the 
KiM.P.  developed  in  any  one  coil  can  be  easily  measured,  and  the 
gross  E.M.F.  deduced  therefrom.  As  the  range  in  a  single  coil  is 
usually  from  100  to  150  volts,  an  ordinary  voltmeter,  such  as  the 
Cardew,  can  be  used  for  the  purpose,  whereas,  to  measure  the  total 
potential  difference  directly,  an  exceptionally  high  resistance  volt- 
meter, or  an  electrometer,  would  be  required.  The  machine  is 
therefore  fitted  with  a  special  pair  of  voltmeter  terminals,  connected 
to  the  ends  of  one  coLl,  for  the  purpose  of  making  this  measure- 
ment 

Another  point  in  favour  of  this  machine  is  that  the  arrange- 
ment of  the  armature  coils  can,  if  required,  be  readily  altered  to 
vary  the  e.m.f.  and  current  developed.  For  example,  if  it  were 
required  to  reduce  the  E.M.F.  of  a  2,000-volt  machine  to  1,000 
volts,  this  could  quickly  be  done  by  dividing  the  armature  coils 
into  two  sets  and  joining  them  together  in  parallel,  the  machine 
being  then  capable  of  developing  twice  the  current  strength.  In 
any  case  the  total  electrical  output,  or  the  energy  developed, 
would  be  the  same. 
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The  machine  illustrated  in  fig.  140  is  the  latest  pattern  of  the 
Mordey  Alternator.  In  the  earlier  machines,  copper  dishes  were 
attached  outside  the  cast-iron  claws  of  the  field-magnets,  for  the 
purpose  of  reducing  the  amount  of  air-cbuming  which  would 
otherwise  occasion  loss  of  energy.  The  daws,  in  fig.  142,  are 
shown  without  these  dishes  ;  in  the  newer  form  of  the  machine 
they  are  dispensed  with,  the  claws  being  simply  webbed  together 
in  the  casting,  when  they  present  the  appearance  shown  in 
fig.  X40. 

The  field-magnet  is  excited  by  the  current  from  a  small  Vic- 
toria direct-current  dynamo,  which  is  mounted  on  a  bracket  pro- 
jecting from  the  main  bed-plate,  its  shaft  being  coupled  direct  to 
the  alternator  shaft,  so  that  the  two  machines  are  driven  together. 

A  long  thrust-bearing  is  employed  to  prevent  end-play,  since 
the  bpace  between  the  pole-faces  and  armature  is  very  small,  and 
it  is  adjustable  longitudinally,  for  the  purpose  of  enabling  the 
field-magnet  to  be  symmetrically  disposed  with  regard  to  the 
armature.  The  armature  terminals  are  placed  on  the  upper 
portion  of  the  gun-metal  supporting  ring. 

The  machine,  when  driven  at  500  revolutions  per  minute,  is 
capable  of  developing  75,000  watts,  or  100  electrical  horse-power, 
at  an  e.u.9.  of  2,000  volts.  900  watts  are  required  for  the  pur- 
pose of  exciting  the  field-magnets.  On  account  of  there  being 
no  iron  in  the  armature,  and  the  attention  devoted  to  smalT  details 
such  as  the  use  of  German  silver  for  the  coil-fittings,  the  waste  of 
power  due  to  eddy  rurrents  is  very  small :  and  this  loss,  added  to 
that  due  to  friction,  which,  owing  to  good  mechanical  construction, 
is  also  very  low,  amounts  to  but  5  horse-power,  that  being  the 
power  required  to  drive  the  machine  at  full  speed  on  open  circuit 
(or  when  the  armature  is  disconnected),  the  field-magnets  bemg 
excited  to  their  maximum. 

In  many  cases  the  output  demanded  from  a  dynamo  varies 
ronsiderably  at  difierent  times.  For  instance,  twice  as  much 
power  may  be  required  to  supply  lamps  at  one  time  as  at  another. 

It  is  not  economical  to  use  one  laige  machine,  capable  of 
meeting  the  maximum  demand,  and  run  it  to  give  a  small  output 
at  other  times,  but,  fortunately,  it  is  possible  to  join  up  two  (or 
even  more)  alternating-current  dynamos  so  as  to  feed  the  same 
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circuit  simultaneously  when  required,  switching  out  and  stopping 
one  when  the  other  is  able  to  meet  the  low  demand 

The  armatures  must  not  be  joined  up  in  series,  but  in  parallel, 
and  the  machines  may  be  driven  by  belts  from  the  same  shafting, 
or,  if  necessary,  from  independent  engines  running  at  about  equal 
speeds.  In  practice  the  latter  course  is  usually  adopted,  since  it 
is  bad  economy  to  employ  a  large  engine  to  develop  the  power 
required  by  a  small  machine. 

But  parallel  working  is  only  practicable  when  in  both  machinelf 
the  rates  of  alternation  are  equal,  and  the  alternations  '  co-phasal ' 
— tliat  is,  when  their  maximum  and  likewise  their  minimum 
E.&hr.'s  occur  simultaneously.  It  is  most  remarkable  that  well- 
designed  machines  can  correct  each  other  and  m:iintain  this 
synchronism  ;  but,  as  a  most  important  part  of  the  interaction 
depends  upon  the  'motor'  properties  of  a  dynamo,  further  con- 
sideration of  the  question  must  be  deferred  until  electric  motors 
have  been  dealt  with. 
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CHAPTER  IX 

DYNAMO- ELECTRIC   MACHINES   (DIRECT  CITRRENT) 

Althouok  the  sphere  of  usefuhiess  for  altemating-carrent 
dyna*mo6  has  largely  increased  of  late  years,  there  is  still  a  vast 
amount  of  work  which  such  machines  are,  knd  always  will  be^ 
wholly  incompetent  to  perform.  This  is  notably  the  case  in  con- 
nection  with  the  deposition  of  metals  by  electricity,  and  in  the 
'  charging '  of  secondary  batteries.  For  these,  and  several  other 
important  purposes,  it  is  essential  that  the  current  should  be  con- 
tinuous,  and  flow  in  one  direction  only.  It  is  possible  to  arrange 
matters  so  that  all  the  currents  generated  by  a  dynamo  shall  be  made 
to  flow  in  one  direction  in  the  external  circuit,  the  process  being 
known  as  '  commutation, 'and  the  part  of  the  machine  by  which  the 
alteration  is  effected  is  termed  the  '  commutator.'  Directly  this 
has  been  successfully  performed,  the  dynamo  is  capable  of  a  new 
and  important  development,  for  it  is  then  possible  to  use  all  or  a 
part  of  the  current  which  is  generated  in  the  armature,  for  the 
purpose  of  magnetising  the  field-magnets.  The  smaller  auviliary 
machine,  which,  in  most  of  the  dynamos  previously  described,  has 
been  employed  to  excite  the  field-magnets,  can  therefore  be  dis- 
pensed with,  and  the  machine  made  *  self-exciting.' 

We  come  then  to  the  consideration  of  the  means  to  be  em 
ployed  in  order  that  the  currents  which  are  generated  in  alternate 
directions  can  be  commutatcd  so  as  to  flow  in  one  direction  in 
the  external  circuit.  Referring  again  to  fig.  120^  we  remember 
that  the  direction  of  the  current  is  unaltered  (although  it  varies  in 
E.M.F.,  and  therefore  also  in  strength)  during  the  first  half-revolu- 
tion of  the  rectangle,  and  that,  at  the  end  of  that  half-revolution* 
the  reversal  in  direction  takes  place.  Now,  a  moment's  reflection 
will  show  that  if,  just  at  the  end  of  this  first  half-revolution,  the 
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positions  of  the  two  brushes  on  their  respective  rings  were  inter- 
changed, the  current  generated  during  the  second  half  of  the 
revolution  would  flow  In  the  same  direction  round  the  external 
circuit  as  the  preceding  current  did,  because,  although  really  gene- 
rated in- the  reverse  direction,  it  is  entering  the  external  circuit  at 
the  other  end.  This  is  the  fundamental  principle  of  commuta- 
tion ;  only,  instead  of  shifting  the  brushes,  the  change  is  efiecCad 
at  the  right  moment  by  a  modification  of  the  ring  or  rings  against 
which  they  press. 

The  simplest  possible  form  of  commutator  is  shown  in  section 
in  fig.  143  Instead  of  two  brass  rings,  a  single  brass  ring  or  tube 
is  employed,  but  with  the  difference  that  » 

it  is  split  lengthways  into  two  halves  or 
/segments,  a  b^  insulated  one  from  the 
other.  Each  end  of  the  coil  of  wire  is 
connected  to  one  of  these  segments,  and 
the  brusnes  or  flat  springs  are  so  situated 
that  they  press  upon  the  divisions  between 
the  segments  at  the  moment  that  the  coil 
is  in  the  vertical  position— that  is  to  say, 
in  the  position  where  the  reversal  of  the 
current  takes  place.  Just  at  that  momenf,  then,  the  ends  of  th^ 
coil  in  contact  with  the  respective  brushes  are  also  reversed,  and 
the  result  is  that  when  the  coil  is  rotated  uniformly,  a  successfoif 
of  short  currents  passes  through  the  external  circuit,  each  cfurrent 
rising  and  falling  similarly,  but  all  impelled  through  the  External 
circuit  in  the  same  direction. 

The  length  of  the  wire  can  easily  be  increased  by  winding  it  in 
a  number  of  convolutions,  instead  of  in  a  single  rectangle,  when, 
as  a  matter  of  course,  the  E.M.F,  will  be  increased  proportionately. 

The  variation  in  the  e.m.f.  developed  by  an  id^l  alternating- 
current  djrnamo  is  shown  in  fig.  120,  where  the  line  ab  represents 
the  normal  or  lero  potential,  the  curves  above  it  indicating  the  gra- 
dual rise  and  fall  of,  say,  the  positive  potential,  and  those  below  it 
the  opposite,  or  negative  potential. 

Fig.  144  exhibits,  in  a  simple  manner,  the  result  of' replacing 
the  two  metal  rings  by  a  split  tube,  or  simple,  two-part  commutator. 
.A  B  again   mdicatc*  the  Ecro  potential,  and  the  curve  A  CD.  the 
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varying  potential  developed  during  the  first  half-revolution ;  but, 
•nstead  of  the  second  half  developing  in  the  external  circuit  a 
negative  potential,  it  is  commutated  into  an  external  positive  one, 
so  that  a  series  of  currents,  each  of  brief  duration,   is  urged 


Fig.  S44. 


through  the  external  circuit  in  one  common  direction.  The  total 
amount  of  current  generated  is,  however,  the  same  as  before, 
although  its  strength  oscillates  rapidly  between  zero  and  the 
maximum. 

A  current  varying  so  much  in  strength  is,  however,  of  almost  as 
little  service  for  many  purposes'  as  alternating  currents,  for,  in 
most  cases,  the  current  must  not' only  be  uniform  in  direction. 


but  constant  in  strength.  The  methods  by  which  ftn~  almost 
steady  current  can  be  obtained  will  be  understood  more  easily 
when  studied  in  connection  with  an  armature  constructed  of  ooila 
wound  on  a  somewhat  different  system.    In  fig.  145,  at  indicates 
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the  axis  of  rotation,  and  p  g  r  s  vl  single  loop  of  wire  which  travels 
round  the  circular  path  indicated  by  the  dotted  line.  If  we  sup- 
pose the  lines  of  force  of  the  field  to  be  in  Uhe  direction  of  ef, 
along,  or  parallel  to,  a  diameter  of  this  circular  path,  then  they  will 
be  cut  by  the  coil  in  a  manner  somewhat  similar  to  that  of  the 
rectangular  coil  which  we  have  just  been  considering. 

The  movement  from  the  vertical  position  through  the"first  half- 
revolution  produces  a  current  which  rises  to  a  maximum  when 
the  coil  has  turned  through  an  angle  of  90"*,  and  falls  to  zero  again 
when  the  coil  reaches  i8o%  while  the  current  generated  in  the 
next  half-revolution  is  exactly  equal  in  strength,  at  corresponding 
positions,  though  opposite  in  direction  ;  but  it  can  be  commutated 
in  precisely  the  same  way  as  in  the  case  of  the  rectangular  coil. 
The  ends  of  the  coil  are  connected  to  the  metallic  segments 
(equivalent  to  a  ^  in  fig.  143)  of  a  simple  two-part  commutator. 

There  is,  however,  one  great  difference  between  the  two 
methods.  No  portion  of  the  coil  shown  in  fig.  146  acts  preju- 
dicially, although  the  portions  connecting  the  horizontal  limbs  are 
always  idle,  inasmuch  as  ^to,  146 

they  do  not  cut,  but  only 
slide,  through  the  lines  of 
force.  But  with  the  coil 
shown  in  fig.  145  the  case 
is  different  There  are 
still  two  idle  connecting 
lengths,  /r  and  f  j,  but 
the  £.11.  F.  induced  in  the 
two  horizontal  limbs  fq 
and  r  J  is  in  the  same 
direction  in  each  -r-  say 
from  f  xo  q  and  from  r 
to  s — because  they  always  cut  the  lines  in  a  similar  sense,  although 
at  different  rates  ;  they  therefore  act  in  opposition  to  each  other. 
But  the  outer  limb  /  q  traverses  a  greater  portion  of  the  field  and 
moves  at  -a  greater  linear  velocity  than  does  r  x,  and  consequently, 
as  it  cuts  more  lines  of  force,  and  at  a  greater  speed,  than  r  x,  tlie 
E.M.F.  generated  by  it  is  the  greater,  the  resulting  current  round 
the  coil  being  therefore  that  due  to  the  preponderance  of  the  e.m.f. 

T 
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of  the  limb  /  q  over  that  of  rs.  Now,  the  lines  of  force  which  the 
outer  limb  cuts  in  excess  of  those  cut  by  the  inner  limb  are  simply 
those  which  pass  through  the  coil  when  It  is  in  the  zero  position, 
as  in  lig.  145,  and  it  is  evident  that  if  the  field  is  uniform  and  the 
coil  comparatively  small  the  lines  thus  embraced  will  be  very  few 
indeed,  and  the  use  of  iron  to  increase  their  number  immediately 
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suggests  itself.  It  is  most  advantageous  to  make  the  iron  in  the 
form  of  a  ring,  as  shown  in  fig.  147,  and  cause  it  to  rotate  with  the 
coil. 

In  fig.  148  is  illustrated  the  effect  of  placing  a  ring  of  iron  in  a 
magnetic  field.  The  apparatus  employed  to  obtain  this  figure 
consisted  of  a  quantity  of  thin  soft  iron  wire  wound  into  a  ring, 
and  placed  between  the  opposite  poles  of  two  powerful  bar  magnets, 
a  sheet  of  paper  being  bid  over  them,  and  iron  filings  sprinkled 
upon  it.  The  spaces  free  from  filings  represent  those  places  where 
the  permeability  of  the  iron  is  suflficiently  high  to  prevent  any 
appreciable  number  of  lines  of  force  extending  above  the  paper 
so  as  to  give  direction  to  the  filings.  The  manner  in  which  the 
lines  converge  into  the  ring  should  be  noted,  and  it  will  also  be 
observed  that  at  two  places,  on  a  diameter  at  right  angles  with  the 
lines,  the  magnetic  effect  above  the  paper  is  considerable.  The 
reason  for  this  is  that  the  greatest  number  of  lines  pass  through 
the  iron  at  these  points,  and  the  permeability  is  sufficiently  reduced 
to  allow  some  lines  to  leak  above  the  paper.  Comparatively  few 
lines  pass  diametrically  across  the  ring,  about  half  of  them  going 
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through  the  upper  and  half  through  the  lower  part  of  it,  and 
therefore  the  inner  limb  of  the  coil  (fig.  147)  cuts  but  very  few 
lines,  and  the  resulting  e.:^(.f.  is  practically  that  developed  by  the 
outer  limb  alone. 

In  the  case  illustrated  in  fig;  147  only  one*half  of  the  total 
number  of  lines  of  force  urged  through  the  iron  can,  at  any  one 
time,  pass  through  the  coil,  and  some  device  is  therefore  necessary 

Fig.  S48. 


to  enable  the  other  half  to  be  utilised.  Nqw,  since  the  induced 
£.ii.Fx  is  the  same  in  any  given  position  after  the  coil  has  passed 
180^  as  it  was  in  the  corresponding  position  after  it  had  passed 
the  zero  point,  it  is  clear  that  a  second  coil  might  with  advantage 
be  placed' at  the  opposite  extremity  of  a  diameter  of  the  circular 
path  described  by  the  coil.  We  will  assume  that  the  limbs  on  the 
outer  periphery  alone  are  active,  and  it  will  be  seen  that  if  the 
induced  ctirrent  flows  from  front  to  back  in  the  outer  limb  of  the 
upper  coil,  it  will  flow  from  back  to  front  in  the  outer  limb  of  the 
lower  .coil,  because  these  limbs  always  cut  the  lines  from  opposite 
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sides,  vi^.  one  from  above  and  the  other  from  below.  The  e.m.f. 
is,  however,  at  an)*  moment  equal  in  each,  and,  by  joining  the  ends 
which  are  at  a  ix>sitive  potential  to  one  segment  and  the  ends 
which  are  at  a  negative  potential  to  the  other  segment,  both  coils 
are  made  to  deliver  their  currents  in  the  •»Ame  direction  to  the 
external  circuit. 

Fig.  149  illubtrates  the  arrangement  for  employing  two  such 
coils  ;  they  are  similarly  wound  (right-handedly  in  this  case),  and 

Fio    I4Q. 


their  adjacent  ends  are  joined  to  the  same  section  of  the  commu- 
Utor.  Now,  as  they  are  at  opposite  extremities  of  a  diameter, 
they  pass  at  every  moment  through  parts  of  the  field  where  they 
act  with  equal  e£fect,  and  therefore,  as  already  pointed  out,  the 
E.M.F.  will  be  the  same  at  the  extremities  of  each  coiL  Since  the 
ends  of  the  two  coils,  which  are  at  the  same  E.M.F.,  are  joined  to 
the  same  segment  of  the  commutator,  the  E.M.F.  due  to  both  coils 
is  orUy  the  same  as  that  produced  by  one  of  them.  It  is,  in  fact, 
an^  exactly  analogous  case  to  that  of  joining  two  primary  cells 
of  equal  E.M.F.,  in  parallel  There  is  also  the  similar  advantage 
here  that  because  the  coils  are  joined  in  parallel  the  internal 
resistance  between  the  two  segments  is  only  half  that  of  one  coil, 
and,  as  we  have  seen,  any  arrangement  that  so  reduces  the  internal 
resistance  of  a  current  generator  is  sometimes  very  valuable.  By 
increasing  the  number  of  turns  in  the  coils  we  increase  the  b»m.p., 
because  a  greater  number  of  conductors  in  series,  round  the  peri* 
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phery,  are  usefully  cutting  lines  of  force ;  but,  of  course,  the 
number  must  be  exactly  the  «ame  in  each  coiL  In  figs.  147  and 
149  there  are  two  active  conductors  to  each  coiL 

We  are  now  in  a  position  to  proceed  with  the  consideration  of 
a  method  for  making  the  short  fluctuating  currents  depicted  in 
fig.  144  approach  more  nearly  to  a  continuous  steady  current 
These  short  currents  are  at  a  minimum  when  the  coils  are  at  right 
angles  to  the  lines  of  force,  or  at  that  point  where  the  reversal  of 
the  induced  current  takes  place,  and  it  is  evident  that  if  a  second 
pair  of*  coils  be  placed  at  right  angles  to  this  existing  pair,  as  in 
fig-  i50i  t^cy  will  always  lie  parallel  to  the  lines  of  force,  or  he  in 


the  position  of  best  action,  just  at  chc  moment  when  the  first  pair 
are  almost  idle.  But  it  now  becomes  necessary  to  divide  the 
commutator  into  four  parts,  all  the  coils  being,  of  course,  similarly 
wound,  and  the  adjacent  ends  of  adjacent  pairs  connected  to  the 
same  segment  of  the  commutator.  ^Vhen  only  two  segments  are 
employed,  the  brushes^  as  we  have  observed,  are  placed  so  that 
the  divisions  of  the  commutator  pass  them  just  at  the  moment 
when  the  coils  are  at  right  angles  to  the  lines  of  force,  and  when 
they  are  almost  idle.  In  the  present  case,  with  four  coils,  the 
brushes  must  also  be  placed  so  that  the  division  between  each 
pdir  9f  segments  on  the  commutator  passes  a  brush  when  the  coil 
connected  to  that  pair  of  ftegmentc  is  in  the  position  of  least 
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actiyity,  vii.  with  its  plane  at  right  angles  to  the  lines  of  force. 
We  shall  see  presently  that  there  are  several  causes  which  combine 
to  slightly  vai}'  this  particular  position,  although  it  can  al\rays  be 
found. 

In  fig.  1 50  the  brushes  are  indicated  by  dotted  ,lines,  and  arc 
shown  slightly  out  of  what  we  have  hitherto  considered  to  be  their 
correct  position.  Supposing  the  lines  of  force  to  pass  straight 
across  from  one  pole-piece  to  the  other,  the  currents  in  the  various 
coils  would  be  in  the  direction  indicated  by  the  arrows,  and  the 
resulting  current  could  be  led  from  the  armature  to  the  external 
circuit  by  the  upper  brush  Bi,  entering  the  armature  again  by  the 
lower  brush  b^.  The  two  horizontal  coils  d  and  e  are  in  the  posi- 
tion of  greatest  activity,  while  the  vertical  coils  a  and  c  are  almost 
idle,  and  merely  serve  to  conduct  the  current  generated  by  the 
active  coils  to  that  segment  of  the  commu(iator  which  the  brush  is 
touching.  A  moment  later  a  and  c  will  each  begin  to  generate  a 
current  in  the  opposite  direction  to  the  one  now  flowing  in  them, 
but  as  by  that  time  they  will  have  passed  the  brushes,  their  oppo- 
site ends  will  be  in  contact  with  the  same  brushes,  and  the  direc- 
tion of  the  current  in  the  external  circuit  will  remain  unaltered. 
When  the  plane  of  each  coil  makes  an  angle  of  45^  with  the  lines 
of  force,  they  are  equally  active,  and  the  E.M.F.  at  the  brushes  is 
twice  that  which  is  at  that  moment  being  developed  by  one  coil 

The  resulting  E.M.F.,  due  to  the  joint  effect  of  the  double 
instead  of  the  single  pair  of  coils,  is  still  far  from  constant,  and,  as 
before,  we  must  determine  at  what  positions  of  the  coils  the  £.11.  f. 
is  at  a  maximum  and  where  it  becomes  a  minimum.  The  curve 
(flg.  144)  illustrates  the  variation  of  the  e.m.f.  due  to  one  coil  or 
one  pair  of  coils,  and  as,  when  this  £.m.f.  is  highest,  that  of  the 
second  pair  of  coils  is  lowest,  and  vice  vers/t,  the  relative  magni- 
tude of  the  E.M.F.  generated  by  two  pairs  of  coils  at  different 
positions  may  be  indicated  by  the  overlapping  curves  in  fig.  151. 
From  this  we  wish  to  construct  a  cur\-e  which  shall  show  how  the 
£.M.F.  af  the  bruslus  due  to  the  effect  of  both  pairs  of  coils  varies. 
Now,  twice  during  each  revolution  one  of  the  two  pairs  is  for  the 
moment  acting  alone,  and,  consequently,  the  e.m.f.  at  the  brush'^s 
is  simply  that  due  to  this  pair,  and  is  proportional  to  the  length  of 
the  perpendicular  line  oa.     At  this  moment  the  E.M.F.  at  the 
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brushes  s  at  its  lowest  veAne,  and  the  length  of  this  line  0  a  deter- 
mines the  lowest  point  on  the  curve  which  we  desire  to  construct. 
Immediately  after  this  point  is  passed  both  pa/Is-  are  acting 
togertier,  the  activity  of  one  increasing  and  that  of  the  other 
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decreasing.  At  a  certain  stage  they  will  be  acting  with  exactly 
equal  effect,  and  ihis  stage  is  indicated  by  the  intersection  in  b 
ofHhe  two  cur\es  :  it  occurs  when  each  coil  makes  an  angle  of 
45*  with  the  lines  of  force.  To  obtain,  therefore,  the  resulting 
iixi.F.  at  the  brushes,  we  must  add' together  these  two  equal 
HM.F.'s ;  conset[iiently,  twice  the  length  of  the  line  c  d  must  be 
taken  as  the  height  of  this  the  highest  point  in  the  new  curve. 
AVhen  the  coils  have  rotated  through  another  45%  one  pair  is 
again  idle  and  die  other  at  its  maximum  activity,  so  that  we  again 
reach  the  (pwest  point  of  the  curve.  The  curve  so  constructed  is 
shown  in  fig.  152,  and  indicates  the  manner  in  which  the  total 
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E.M.F.  at  the  commutator  brushes  fluctuates  when  the  armature  / 
consists  of  two  pairs  of  coils  arranged  as  in  fig.  150.   The  resulting 
current  will  also  fluctuate  similarly,  depending  in  strength  upon 
the  gross  resistance  in  the  circuit 

A  little  reflection  will  make  it  obvious  that  the  variation  in  the 
E.M.F.  can  be  further  diminished  by  the  employment  ot  a'  yet 
greater  number  of  pairs  of  coils  in  the  armature,  providing  that 
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they  auGe  placed  so  that  they  each  come  into  the  4>o8iiioii  of  best 
action  at  the  moment  when  the  resulting  E.M.F.,  without  thetr 
individual  aid,  would  be  at  a  minimum. 

For  instance,  a  coil  might  be  ]>laced  exactly  midway  between 
each  of  those  wound  on  the  armature  shown  in  fig.  150  ;  that 
armature  would  then  consist  of  eight  coils  in  four  pairs,  and  the 
commutator  of  eight  bars  or  segments  (fig.  153)     The  cuireiit 
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from  such  an  armature  would  be  fisur  more  steady  tlian  one  from 
the  four-cotl  armature  ;  in  fact,  it  may  be  stated  generally  that  the 
greater  the  number  of  coils  composing  the  armature,  the  less  the 
fluctuation  of  the  current.  Of  course  there  is  a  practical  limit  to 
the  number  of  coils  ;  for  instance,  the  commutator  with  this  kind 
of  armature  must  have  as  many  segments  as  the  armature  has 
single  coils,  and  its  construction  and  tfie  making  of  the  necessaiy 
connections  would  be  diflScult  and  expensive  if  the  number  were 
excessively  increased. 

It  will  be  observed  that  in  fig.  153  the  whole  armature  con- 
ductor is  wound  continuously  round  the  core  ;  it  is  divided  into 
sections  having  four  convolutions  each,  and  a  connecting  wire  is 
led  from  the  junction  of  every  two  adjacent  sections  to  the  proper 
segment  of  the  commutator.  The  result  is  of  course  the  same  as 
if  the  ends  of  each  section  were  brought  direct  to  the  commutator 
segment,  while  the  actual  length  of  the  armature  conductor,  and 
therefore  the.  resistance,  is  slightly  reduced.  The  black  portions 
of  the  cirde  represent  the  metallic  segments,  the  white  spaces 
between  them  indicating  the  insulating  material. 

In  order  to  increase  the  E.M.F.  developed  in  a  given  field  at  a 
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given  speed,  we  must  increase  the  number  of  conductors  on  the 
outer  periphery  of  the  armature,  which  can  be  done  by  adding  to 
the  number  of  convolutions,  although  this  also  increases  the  in- 
fernal resisuncc.  In  the  armature  illustrated  there  arc  thirty-two 
active  port'nns  of  the  wire  round  the  whole  external  periphery,  but 
as  they  are  joined  up  in  two  sets  in  parallel,  the  total  E.M.*.  is 
only  sixteen  times  that  of  one  active  portion. 

If  we  know  the  number  of  active  conductors  joined  in  teries 
and  the  number  of  lines  of  force  which  they  cut  per  second,  it  is 
easy  to  calculate  the  resulting  f.u.f.  The  E.M.K.  developed  by 
any  particular  conductor  moving  circularly  in  a  uniform  field  varies 
with  its  position,  and  xn^  as  we  have  seen  (Chapter  VIII.),  pro- 
portional  to  the  cosine  of  the  angle  which  the  plane  of  the  coil  of 
which  it  forms  a  part  makes  with  the  lines  of  force ;  or  to  the  sine 
of  the  angle  through  which  the  coil  has  turned  from  its  position 
at  right  angles  to  the  lines  of  force.  But  we  need  not  now  trouble 
ourselves  with  this  consideration,  for,  in  a  symmetrically  con. 
structed  armature  of  many  convolutions,  the  place  of  each  con. 
ductor  as  it  moves  to  a  position  of  greater  or  less  activity  is 
immediately  filled  by  anoUier,  and  the  total  e.m.f.  remains  un. 
altered  Since  each  active  length  undergoes  precisely  the  same 
inductive  effects,  the  average  e.m.f.  induced  in  each  is  the  same, 
and  the  total  s.m«f.  will  be  equal  to  the  number  of  active  con. 
ductors  round  one-half  of  the  armature  multiplied  by  the  average 
E.M.F.  developed  by  one  of  them  during  half  a  revolution. 

Supposing  the  armature  to  coqsist  of  forty-eight  convolutions 
and  the  E.M.F.  developed  by  one  of  the  active  limbs  to  be  2  volts, 
then  the  whole  £.m.f.  would  be  2  x  24  s  48  volts. 

The  average  E.M.F.  developed  by  each  active  conductor  de 
pends  upon  the  speed  at  which  it  moves,  and  the  number  of  lines 
cut  by  it ;  in  fact,  we  have  seen  that  if  a  wire,  one  centimetre  long, 
is  moved  at  a  velocity  of  one  centimetre  per  second  transversely 
through  a  field  of  unit  strength  (that  is,  a  field  having  one  line  of 
force  per  square*"  centimetre),  then  the  resulting  E.11.F.  will  be 
•equal  to  one  ccs.  unit  This  unit  being  so  very  small,  the  vole 
is  taken  for  practical  use,  having  a  value  10*  or  100,000,000  times 
that  of  the  ccs.  unit  So  that  after  calculating  y^\uy,  in  ccs. 
units,  the  result  must  be  divided  by  10*  to  obtain  the  b.m.f.  m  volts. 
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It  is  preferable  to  know  the  number  of  lines  cut  per  secondf 
and  then  we  need  not  know  the  length  of  the  conductor  or  the 
strength  of  the  field  in  c.c.s.  units,  nor  need  the  field  be  uniform. 
Referring  again  to  fig.  153^  suppose  there  are  16,000  lines  of  force 
forced  through  the  armature  core,  these  lines  will  all  be  cut  twice 
by  each  conductor  during  one  complete  revolution.  If  the 
armature  makes  one  revolution  per  second,  each  conductor  will 
cut  32,000  lines  i^er  second  and  generate  an  average  electro-motive 
force  of  32,000  CG.s.  units.  And  as  there  are  sixteen  conductors 
in  series,  the  total  average  £.m.f.  as  measured  at  the  brushes  will 
be  16  X  32,000  =  512,000  CG.s,  units,  or 


512,000  ,^  y 

•'---^.     =  '005  volt  nearly. 
10* 


If  the  armature  made  ten  revoluticns  per  second,  the  E.M.F.  would 
be  ten  times  greater  (i.e.  0*05  volt),  because  each  conductor 
would  now  cut  ten  times  the  number  of  lines  per  second. 

In  fact  we  may  say  that  the  average  E.i^i.F.  generated  in  an 
armature  of  this  description  is  equal  to 

NX  -  X 2«,  that  is,  N p «  CG.s.  units, 

2 

or  average  k  =  volts, 

10' 

where  n  is  the  total  number  of  lines  of  force  urged  through  the 
armature  core;  p  the  total  number  of  active  conductors  Ijring 

round  the  periphery,  and    ,  therefore,  the  number  in  series ;  n 

2 

the  number  of  revolutions  per  second,  and  2/1,  therefore,  the 
number  of  times  per  second  which  the  whole  of  the  lines  are  cut 
by  each  conductor. 

The  E.M.F.  obtained  in  the  last  example  (0*05  volt)  is  very 
low,  because  we  assumed  a  rather  low  speed  and  few  lines  of  force. 
In  practice  it  is  not  unusual  to  force  several  millions  of  lines 
through  the  armature  core.  Supposing  the  number  to  be  3,000,000, 
and  the  number  of  conductors  round  the  periphery  to  be  150,  then 
if  the  armature  is  driven  at  1,200  revolutions  per  minute,  or  20  per 
second,  the  £.m.f.  developed  would  be 

3,000,000  X  150  X2£  ^         ^^^^ 

100,000,000 
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The  above  is  a  fair  example  of  what  obtains  in  actual  practice, 
and  the  student  will  readily  perceive  that  it  is  necessary  for  the 
quantity  of  iron  in  the  armature  core  to  be  considerable,  otherwise 
with  such  a  large  number  of  lines  of  force  the  magnetic  induction 
through  it  (that  is,  the  number  of  lines  per  square  centimetre) 
would  be  abnormally  high.  We  know  that  the  permeability  of 
iron  decreases  rapidly  when  the  induction  through  it  exceeds  a 
certain  amount,  and  then  a  large  number  of  the  lines  leak  dia- 
metrically across  the  ring  instead  of  taking  the  path  indicated  in 
Ag«  1499  many  of  them  passing  across  the  steel  driving  shaft,  the 
permeability  of  which  may  be  nearly  equal  to  that  of  the  'satu- 
rated '  iron. 

Now,  as  these  lines  of  force  thus  leaking  across  the  ring  are 
cut  by  the  inner  portions  of  the  conductor  (equivalent  to  rx  in 
fig.  145)  and  act  prejudicially,  inasmuch  as  the  E.ii.i-.  generated  by 
the  inner  wires  in  cutting  them  is  reverse  to  the  main  E.M.F.,  it  is 
evidently  inadvisable  to  endeavour  to  push  the  induction  too  far. 
As  a  rule  the  limit  is  from  16,000  to  18,000  lines  per  square  centi- 
metre, and  if  more  lines  through  the  core  are  needed,  either  the 
area  must  be  increased  or  iron  of  higher  permeability  employed. 
The  former  necessarily  entails  a  greater  length  of  conductor.  It 
IS  evident  that  m  an  armature  of  the  type  we  are  considering,  the 
iron  of  which  the  core  is  made  should  be  of  the  highest  possible 
permeability,  while  the  quantity  of  iron  or  steel  used  inside  the 
ring  should  be  as  small  as  possible  to  minimise  the  tendency  to 
cross-leakage.  This  latter  consideration  implies  that  iron  should 
not  be  employed  for  the  purpose  of  mechanically  connecting  the 
ring  to  the  shaft  In  practice,  gun-metal  or  some  other  non- 
magnetic alloy  is  used. 

The  first  armature  on  this  principle  was  constructed  by 
Pacinotti,  but  it  remained  unnoticed  until  the  essential  features 
had  been  combined  m  a  slightly  different  form  by  Gramme. 

Fig.  154  illustrates  the  construction  of  an  early  form  of  Gramme 
armature,  the  core  being  shown  cut  through,  and  some  of  the  coils 
displaced  to  make  it  clearer.  The  core,  f,  consists  of  a  quantity 
of  iron  wire  wound  continuously  to  form  a  ring  of  the  shape  shown 
by  the  section.  Over  this  is  wound  about  thirty  coils  of  insulated 
copper  wire,  bcd,  &c.,  the  direction  of  the  winding  of  each  being 
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the  same,  and  their  adjacent  ends  connected  together.  The 
commutator  segments  consist  of  a  corresponding  number  of  brass 
angle-pieces,  mn^  which  are  fixed  against  the  wooden  boss,  o^ 
•carried  on  the  driving  shaft 

The  junction  of  every  two  adjacent  coils  is  connected  to  one  of 
the  commutator  segments,  as  shown,  and  two  flat  brushes  of  copper 
Fig.  154.  wire  are  pressed  against  the  pio- 

jecting  ends  of  the  s^ments,  and 
serve  to  deliver  the  current  to 
the  external  circuit  The  latest 
forms  of  this  armature,  although 
identical  in  principle,  are  far 
superior  from  a  mechanical  point 
of  view;  in  fact,  the  armature 
here  illustrated  would  fly  to  pieces 
if  subjected  to  the  stresses  which 
occur  in  a  modem  machine. 

It  is  necessary  that  the  com-' 
mutator  bars  should  be  firmly  held 
in  position,  that  the  wire  should  be  bound  or  by  some  means 
fixed  so  as  to  prevent  its  being  shifted,  and  that  the  core  and 
with  it  the  coils  should  be  firmly  secured  to  the  driving  shaft  As 
far  as  possible  it  will  be  shown,  in  describing  the  best  t}-pes  of 
machines,  how  well  these  points  are  attended  to  in  practice. 
Especial  care  must  be  taken  to  prevent  the  generation  of  eddy 
currents  in  the  core,  and  this  was  the  reason  why  Gramme  used 
rather  fine  wire  instead  of  a  solid  ring  We>  have  previously  re- 
marked that  the  eum.f.  which  gives  rise  to  these  eddy  currents  is 
very  low  (although  the  current  strength  may  be  considerable, 
because  a  large  mass  of  metal  offers  little  resistance),  and  that, 
therefore,  the  merest  film  of  insulation  between  neighboumig 
wires  of  the  core  is  sufficient  Except  in  special  cases  a  coating  of 
shellac  varnish,  or  even  a  coating  of  rust,  is  all  that  is  required, 
and  it  should  be  borne  in  mind  that  the  space  occupied  by  insu- 
lation should  always  be  as  small  as  possible,  so  as  to  allow  the 
maximum  amount  of  iron  to  be  used.  If  the  armature  is  rotated 
m  a  simple  field  between  two  pole  pieces,  it  is  not  necessary  to 
subdivide  the  core  to  the  extent  adopted  in  the  earlier  Gramme 
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machines,  for  since  the  direction  of  the  eddy  currents  is  at  righ*. 
angles  to  the  lines  of  force  and  to  the  direction  in  which  the  core 
moves,  there  will  be  no  tend«.'ncy  for  them  to  flow  in  a  radial* 
direction,  but  only  along  lines  parallel  to  the  driving  shaR. 
Therefore  the  core  may  bt.  simply  laminated,  or  built  up  of  a 
number  of  thin  discs  of  soft  iron,  thus  giving  Isettcr  facilities  for 
mechanical  connection  with  the  shaft,  and  also  reducing  the 
magnetic  resistance  considerably.  In  entermg  or  leaving  the 
interior  of  the  wire  core,  the  lines  of  force  have  to  leap  across 
numerous  little  spaces  of  low  permeability,  while  in  the  case  of  a 
core  built  up  of  discs,  not  only  is  the  mass  of  iron  greater,  but  il 
is  also  continuous  in  the  direction  of  the  lines,  and  discontinuous 
only  in  the  path  which  would  be  taken  by  the  eddy  currents. 

Returning'  now  to  a  consideration  of  the  phenomena  developed 
by  the-  actual  rotation  of  the  armature,  we  may  repeat  that  the 
brushes  must  be  so  placed  that  every  division  between  the  seg- 
ments of  the  commutator  passes  a  brush  just  at  that  moment 
when  the  coil,  the  ends  of  which  are  connected  to  those  segments^ 
is  idle.  Now  this  happens  when  the  plane  of  the  coil  is  at  right 
angles  to  the  lines  of  force,  so  that  if  the  lines  of  force  alwa}'s 
retained  their  regular  straight  direction  between  the  poles  of  the 
field  magnet,  it  would  be  easy  to  fix  the  correct  position  for  the 
brushes.  But,  unfortunately,  the  field  is  considerably  distorted 
immediately  the  armature  is  caused  to  rotate  and  the  current 
established.  This  distortion  is  due  to  the  fact  that  the  armature 
itself  becomes  a  powerful  electro-magnet,  having  lines  of  force 
which  are  not  coincident  with  those  of  the  field  magnets. 

The  two  halves  of  the  core  are,  as  a  matter  of  fact,  magnetised 
by  the  currents  passing  round  them,  and  in  such  a  manner  that 
their  similar  poles  are  adjacent  to  each  other  and  situated  at  the 
points  where  the  two  currents  enter  and  leave  the  external  circuit.  • 
Now,  if  two  semicircular  magnets  of  equal  strength  are  placed  so^ 
as  to  form  a  circle  with  their  unlike  poles  adjacent,  they  form  a 
complete  closed  magnetic  circuit,  nearly  all  the  lines  of  force 
taking  the  path  of  the  iron  or  steel,  and  there  is  consequently  very 
little  external  magnetic  e£fect  observable.  But  if  these  same  semi- 
circular magnets  are  placed  with  their  like  poles  adjacent,  there  is 
abundant  external  evidence  of  the  magnetic  strength  of  the  com- 
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.  bination.  The  circle  nets,  indeed,  as  if  it  were  a  single  magnet, 
the  distance  between  its  poles  being  the  length,  of  the  diameter. 
Some  of  the  lines  of  force  find  their  way  back  across  the  diameter 
to  the  opposite  pole,  while  others  pass  round  outside  the  circle,  a 
much  larger  proportion  taking  this  course  when,  as  in  the  case  of 
the  dynamo,  there  are  large  masses  of  iron  in  the  vicinity.  The 
position  of  the  brushes  determines  the  position  of  the  poles  of 
the  armature,  and  when  the  brushes  are  placed  on  a  diameter  at 
right  angles  to  the  lines  of  force  of  the  field,  these  poles  are  also 
at  right  angles  to  those  lines  of  force. 

It  is  manifest  that  as  the  tendency  b  for  the  armature  to 
generate  a  magnetic  field  in  one  direction,  while  the  field  magnets 
strive  to  maintain  one  in  another,  the  direction  of  the  resultant 
field  must  lie  betvi'een  the  two,  the  exact  position  depending  to  a 
great  extent  upon  the  relative  magnetising  forces  of  the  armature 
and  field  magnets.  Were  these  relative  forces  known,  the  direc- 
tion of  the  field  might  be  determined  approximately  by  the  well- 
known  *  parallelogram  of  forces'  (see  fig.  155).     In  this  case  the 

line  A  B  represents  by  its  position  the 
direction,  and  by  its  length  the  magni- 
tude of  the  magnetising  force  due  to 
the  field  magnets  alone,  while  the  line 
B  c,  drawn  at  right  angles  to  a  b,  repre- 
sents the  direction  and  force  of  the 
field  due  to  the  armature.  Then  the 
diagonal  b  d  of  the  completed  parallelogram  represents  both  in 
magnitude  and  direction  the  resulting  magnetic  field.  Now 
the  brushes  must  be  set  on  a  diameter  at  right  angles  to  these 
resulting  lines  of  force.  Hence  this  shifting  of  the  field  due  to 
the  reaction  of  the  armature  necessitates  also  the  shifting  of  the 
brushes  through  a  corresponding  angle,  equal,  in  fact,  to  tfie  angle 

DBA. 

This  altered  position  of  the  brushes  is  commonly  known  as 
the  lead  given  to  them,  and  the  angle'  through  which  they  are 
moved  is  known  as  the  angle  of  lead.  In  every  dynamo  the  lead 
is  forward,  or  in  the  direction  of  the  rotation  of  the  armature.  But 
the  parallelogram  of  forces  referred  to  above  does  not  exactly 
indicate  the  true  angle,  because  immediately  a  lead  is  given  to  the 
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brushes,  the  polarity  of  the  armature  is  shifted  through  a  corre- 
sponding angle,  the  result  being  to  still  further  distort  the  field 
and  again  increase  the  angle  of  lead.  It  will  be  evident  that 
if  we  wish  to  reduce  the  angle  dba  (fig.  155)  it  can  be 
done  by  decreasing  bc  or  increasing  ab,  which  in  either  case 
would  result  from  making  the  magnetising  force  of  the  field 
magnets  great  as  compared  with  that  of  the  armature.  Practice 
also  dictates,  for  this  and  for  other  reasons,  that  the  magnetic 
field  in  which  the  armature  revolves  should  be'  as  strong  as 
possible,  and  always  very  much  stronger  than  that  developed  by 
the  armature  itsel£    In  fig.  156  is  illustrated  the  direction  of  the 

Fig.  156. 


resultant  field  of  a  dynamo  when  the  armature  is  revolving  in  the 
direction  indicated  by  the  arrow,  and  is  generating  a  current  It 
will  be  observed  that  the  lines  of  force  »x,  ^x  are  considerably 
distorted  or  dragged  out  of  their  normal  position,  and  that  .this 
distortion  takes  place  in  the  direction  of  rotation.  The  lines 
which  cross  the  space  inside  the  armature  ring  indicate  the  direc 
tion  of  leakage,  corresponding  to  that  illustrated  in  fig.  148. 

When  the  external  resistance  through  which  a  dynamo  is 
working  is  varied,  the  current  in  the  armature,  and  therefore  the 
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field  produced  by  it,  also  varies  ;  the  same  cause  may  also  alter 
the  field  produced  by  the  field  magnets  if  the  machine  is  '  self- 
exciting/  and  consequently  in  practice  the  angle  of  lead  sometimes 
Viaries  considerably.  If  the  effective  fields  produced  by  the  field- 
Doagnets  and  the  armature  were  varied  in  the  same  proportion,  the 
angle  of  lead  would  remain  constant ;  but  we  shall  see  presently 
that  because  the  induction  through  and  the  permeability  of  the 
field-magnet  and  armature  cores  do  not  vary  together,  as  well  as 
for  other  reasons,  this  proportion  is  not  maintained,  although  the 
currents  producing  those  fields  may  be  equally  increased  or 
diminished  Too  much  stress  cannot  be  laid  upon  the  necessity 
for  setting  the  brushes  in  the  proper  position,  and  to  facilitate 
matters  they  are  usually  mounted  on  an  insulating  rocker  so  that 
they  may  be  shifted  together  through  a  considerable  angle  until 
the  correct  position  is  found.  When  the  field  is  a  simple  one^ 
such  as  that  between  the  two  poles  of  a  magnet,  and  providing  it 
is  also  uniform,  the  brushes  are  placed  at  opposite  extremities  of 
a  diameter  of  the  commutator. 

When  the  brushes  are  not  properly  adjusted,  the  coils  are 
short-circuited  while  they  are  more  or  less  active,  and  considerable 
sparking  occurs  at  the  commutator,  injuring  that  important  part 
of  the  machine,  and  giving  evidence  of  wasted  energy. 

Practically  the  best  position  of  the  brushes  can  be  found  by 
shifting  them  while  the  machine  is  nmning  (the  external  circuit 
being  at  the  time  completed)  until  there  is  very  little  or  no  spark- 
ing observable  ;  and  it  is  found  that  they  must  be  set  even  a  little 
further  ahead  than  the  point  where  they  are  at  right  angles  to  the 
direction  of  the  resultant  lines  of  force.  This  slight  extra  lead  is 
necessitated  by  the  rather  peculiar  and  important  action  which 
takes  place  in  a  coil  as  it  passes  a  brush.  The  brush  has  a 
sufficiently  wide  bearing  on  the  commutator  to  bridge  over  the 
interval  between  the  two  segments  and  so  to  short-circuit  the  coil 
attached  to  them  for  a  brief  interval  of  time ;  and  although  this 
may  take  place  when  the  coil  is  in  itself  as  a  generating  coil, 
almost  inactive,  it  must  be  remembered  that  it  has  considerable 
self-induction,  consisting  as  it  does  of  a  number  of  convolutions 
of  wire  wrapped  round  a  comparatively  large  mass  of  soft  iron. 
We   have   considered  at   length  the  reasons  which  prevent  a 
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current  being  suddenly  started  or  stopped  in  any  circuft  which 
has  an  appreciable  amount  of  self-induction,  from  which  it  is 
evident  that  although  the  coil  itself  may  not  be  actually  generating 
any  current,  yet  it  is  carrying  the  whole  of  the  current  generated 
by  the  other  coils  in  the  same  half  of  the  ring,  and  when  short- 
circuited  by  the  brush  this  current  will  not  immediately  die  out, 
but  will  become  even  stronger  for  a  moment  and  then  expire. 
Independently  of  this  it  is  impossible  in  practice  to  absolutely 
attain  the  theoretical  condition  of  each,  coil  being  idle  even  for 
the  briefest  possible  interval  during  which  the  coil  might  be  short- 
circuited  ;  and  although  the  eIm.f.  generated  when  the  coil  is 
least  active  may  be  very  small,  yet  its  resistance  is  as  a  rule  so 
extremely  low^  being  but  a  small  fraction  of  an  ohm,  that  the 
current  strength  becomes  perforce  considerable.  The  energy  of 
currents  so  circulating  round  the  coils  while  they  are  in  turn  short- 
circuited,  is  expended  in  heating  the  t^ire,  which  heat  represents 
so  much  energy  lost  to  the  external  circuit  where  it  might  have 
been  usefully  employed,  and  this  effect  must  be  remembered 
as  one  of  the  many  causes  which  necessitate  special  attention 
being  paid  to  ventilation  in  designing  a  dynamo  armature.  To 
ensure  the  entire  stoppage  of  the  current,  and  also  eveh  to  allow 
sufficient  time  for  /i  current  in  the  opposite  direction  to  be  just 
started  in  the  coil  before  it  is  actually  thrown  into  circuit  again 
in  the  other  half  of  the  armature,  it  is  advantageous  to  have  the 
brushes  rather  thick  and  to  give  them  the  slight  extra  lead  ^bove 
referred  to. 

But  much  can  be  done  to  reduce  the  angle  of  lead  and 
rpinimise  sparking  by  making  the  field  very  strong  and  construct- 
ing the  armature  with  many  sections,  each  of  few  convolutions. 
In  some  modern  machines  each  section  consists  of  but  one  con- 
volution, and  absolutely  no  sparking  can  be  observed,  while,  the 
field-magnets  being  very  powerful,  the  angle  of  lead  is  very  small 

It  will  be  remembered  that  we  commenced  the  study  of  the 
direct-current  dynamo  with  the  aid  of  a  simple  rectangular  coil 
(fig.  146),  but  that  subsequently,  to  make  the  development  of  the 
subject  easier,  a  different  system  of  winding  was  intro<Hiced, 
leading  up  to  the  Gramme  armature.  We  are  now  in  a  position  to 
comprehend  more  readily  the  manner  in  which  excellent  arma- 
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ttires,  commonly  known  as  '  drum '  armatures,  are  constructed 
upon  Ae  principle  of  the  rectangular  coil  first  mentioned.  The 
earliest  drum  armature  was  devised  by  Von  Hefner  Alteneck,  and 
was  really  a  natural  development  of  the  shuttle  armature  so  much 
used  in  small  magneto  machines.  This  shuttle  armature,  consist- 
ing, as  it  does,  of  one  coil  of  many  turns,  gives  a  current  fluctuating 
from  maximum  to  zero  twice  in  each  revolution,  and  greater 
steadiness  was  aimed  at  and  obtained  by  placing  a  number  of  coils 
symmetrically  round  the  core ;  in  just  the  satne  way  that  a  consider- 
able number  of  coils  wound  on  the  Gramme  principle  yields  a  more 
nearly  constant  current  than  would  result  from  a  single  coil.  A 
drum  armature  is  somewhat  more  difficult  to  construct  and  to 
illustrate,  and  although  the  fundamental  principle  is  in  all  cases 
that  just  indicated,  there  are  many  ways  of  making  the  necessary 
connections,  some  of  which  will  be  described  when  dealing  with 
actual  machines. 

The  general  principle  may  be  gathered  from  fig.  157,  where 
only  two  adjacent  sections  are  shown,  each  having  one  turn.'  The 
core  is  shaped  like  a  cylinder,  or  drum  ;  a  commutator,  similar 

to  those  already  de- 
scribed, being  placed 
at  one  end  in  a  line 
with  its  axis.  From 
one  segment  the  first 
coil  ascends  up  the 
face  of  the  drum  to 
<7,  thence  lengthways 
along  the  cylinder 
to  ^,  whence  it 
passes  across  a  dia- 
meter to  r,  and  along  the  length  of  the  cylinder  to  i.  From  d 
it  is  brought  round  the  face  and  connected  to  the  segment  next 
to  that  one  to  which  the  other  end  of  the  coil  is  joined.  The 
second  coil,  shown  ,by  open  lines  for  distinction,  starts  from 
the  segment  at  which  the  first  coil  terminates,  and  is  wound 
similarly  to  that  coil,  being  placed  a  little  further  round  the 
drum  as  shown.  Its  two  ends  are  connected  to  adjacent  seg- 
ments, _and|Jn  a  similar  manner.^oi  Is  would  be  placed  _^all  round 
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the  q^linder,  equidistant,  and  with  the  ends  of  each  joined  to  two* 
adjacent  commutator  segments,  so  that  each  segment  has  two  wires 
connected  to  it.  Many  of  the  best  drum  armatures  are  constructed 
with  but  one  convoh'tion  in  each  section,  but  when  it  is  desired 
to  increase  this  number  the  wire  is  simply  wound  the  requisite 
number  of  times  round  the  cylinder,  and  the  end  of  the  last  con- 
volution led  from  the  point  d  to  the  commutator  segment  Of 
course,  the  wires  cannot  be  brought  diametrically  .across  the  faces, 
as  shown  at  d  r,  on  account  of  the  driving-shaft,  and  when  there 
are  several  convolutions  in  each  section  care  is  taken  to  place  an 
equal  number  of  the  wires  on  either  side  of  the  shaft,  so  as  to 
preserve  a  mechanical  as  well  as  an  electrical  balance.  In  any 
case,  great  care  has  to  be  taken  with  these  cross-connections^ 
which  are,  in  fact,  a  serious  source  of  trouble,  for,  since  portions 
of  all  the  coils  overlap  here,  it  is  possible  to  get  wires  having  a 
high  potential  difference  ver)'  close  together.  This  difficulty  does 
not  arise  with  a  Gramme  ring. 

The  great  advantage  peculiar  to  a  drum  armature  is  the 
fact  that  the  conductors  usefully  cut  a//  the  lines  of  force 
passing  through  the  armature  core.  The  only  idle  wire  is  that 
used  for  connection  across  the  faces  or  ends  of  the  cylinder  j  and 
no  part  of  the  conductor  can  generate  an  B.M.F.  in  the  counter 
direction.  Consequently,  iron  may  be  employed  for  all  the  in- 
ternal fittings  ;  in  fact,  but  for  the  necessity  for  allowing  space  for 
ventilation,  the  whole  of  the  inside  of  the  armature  might  be  occu- 
pied by  iron.  Since  the  active  limbs,  ab^cdy  always  cut  the  lines 
of  the  field  from  opposite  sides — viz.  one  from  above,  the  other 
from  below — the  current  is  induced,  from  front  to  back  in  one 
and  from  back  to  front  in  the  other,  so  that  It  circulates  in  the 
same  direction  round  the  coil. 

Each  coil  is  equivalent,  then,  to  two  diametrically  opposite 
coils  in  a  Gramme  armature,  and  there  will  be  the  same  number 
of  commutator  segments  as  there  are  coils.  The  reversal  of  .the 
current,  of  course,  takes  place  as  each  coil  passes  the  zero  position 
— viz.  with  its  plane  at  right  angles  to  the  lines  of  force — and  it  is 
in  this  position  that  the  segments  to  which  it  is  connected  pass 
the  brush.  Also,  as  in  the  case  of  the  Gramme  ring,  the  resistance 
from  brush  to  brush,  througli  two  halves  of  the  armature  in  parallel, 

till 
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is  ionly  one  quarter  of  that  of  the  whole  armature  in  senes^  and. 

in' calculating  E.M.F.,  the  formula,  £  =  — Z',  holds  good,  P  being 

lo* 

the  number  of  active  conductors,  such  as  a  ^,  round  the  periphery 

of  the  drum. 

The  drum  armature  is  far  more  effici-^nt  than  any  other  fonn, 
and  we  may  briefly  compare  the  relative  advantages  of  the  drum 
and  ring  type  by  supposing  that  we  have  two  armatures  of  equal 
diameter,  and  having  conductors  arranged  round  them  equal  in 
number  and  length.  The  magnetic'  resistance  offered  by  the  drom 
armature  will  be  the  smaller,  because  the  quantity  of  iron  in  iu 
core  is  greater,  and  therefore  a  given  *  magneto-motive  force '  can 
urge  more  lines  of  force  through  it  than  through  the  ring 
armature. 

Further,  the  whole  of  the  lines  passing  through  the  dnim 
armature  are  usefully  cut  by  the  conductors,  while,  m  the  case  of 
the  ring,  some  leak  across  to  the  shaft  and  are  cut  by  the  inner 
portions  of  the  wire  in  such  a  manner  as  to  reduce  the  main  E.&LF. 
Therefore,  with  a  given  magneto-motive  forcfe  to  maintain  the 
field,  the  drum  armature  will  give  a  much  higher  E.M.F.  than  the 
ring  when  they  are  driven  at  equal  speeds.  Equal  e.m.f.'s  might 
be  obtained  by  reducing  n,  the  number  of  lines  of  force,  or  p,  the 
number  of  active  conductors ;  but  the  factor  which  it  is  usually 
sought  to  keep  as  low.  as  possible  is  n,  the  number  of  revolutions 
per  second.  One  great  practical  advantage  of  a  drum  armature  is 
that  it  enables  slow-speed  machines  of.  comparatively  moderate 
proportions  to  be  constructed,  and  it  will  be  observed  that  few 
slow-speed  dynamos  have  ring  armatures  ;  indeed,  the  drum  patent 
having  recently  lapsed,  very  few-simple  ring  armatures  are  now  used 
in  any  but  small  machines.  Since  the  proportion  of  idle  wire  is 
slighUy  less  in  the  drum  than  in  the  ring  type,  its  conductor 
resistance  is  rather  lower,  while,  on  the  other  hand,  it  has  the  dis- 
advantages that  it  is  difficult  to  make  it  as  strong  mechanically  as 
the  ring,  the  cross-coimections  are  somewhat  troublesome,  and,  as 
a  rule,  special  arrangements  are  .needed  to  ensure  sufficient  venti- 
lation. 

Having  discussed  some  of  the  theoretical  points  involveii  in 
the  construction  and  action  of  direct-current  dynamo  annatux^ 
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we  will  now  consider  the  methods  of  maintaining  the  field,  which, 
it  will  be  remembered,  must  be  as  strong  as  possible.  As  in  the 
case  of  the  more  powerful  of  the  machines  described  in  the  pre- 
ceding chapter,  electro-magnets  (called  the  field-magnets)  are 
employed  for  this  purpose,  and  great  care  should  be  exercised  in 
their  design.  Practiad  difficulties  and  economy  in  construction 
scmewhat  influence  the  shape,  but  in  every  case  the  great  object 
should  be  borne  in  mind,  viz.  the  necessity  for  leading  as  many 
lines  of  force  as  possible  through  the  space  between  the  poles,  in 
which  the  armature  is  made  to  revolve. 

The  actual  magnetising  force,  consisting  of  a  current  passing 
through  a  coil  of  wire,  is  proportional  to  the  amperes  of  current 
flowing  and  the  number  of  turns  of  wire  in  the  coil,  and,  as  has 
already  been  fully  explained  (Chapter  VII.),  the  quantity  repre- 
sented by  the  product  of  these  two  factors  is  referred  to  as  the 
*  ampere-turns.' 

Now,  for  any  given  machine,  the  number  of  lines  of  force 
which  must  be  urged  through  the  armature  is  usually  determined 
beforehand,  but  as  with  every  electro-magnet,  of  whatever  design, 
there  is  a  certain  amount  of  'leakage,'  only  a  portion  of  the  lines 
generated  by  the  ampere-turns  pass  through  the  armature. 

But  power  is  expended  in  the  generation  and  maintenance  of 
the  lines  of  force,  and  those  which  are  rendered  useless  by  leakage 
represent  so  much  power  wasted.  It  is  obviously  imperative  that 
this  waste  should  be  reduced  to  a  minimum,  and  the  greatest  pos- 
sible proportion  of  the  lines  developed  led  through  the  armature. 
This  may  be  accomplished  by  making  the  magnetic  resistance  of 
their  path  very  low.  The  whole  magnetic  circuit  should,  prefer- 
ably, approximate  to  the  circular  form,  and  whether  good  soft  iron 
or  cast-iron  is  employed,  its  sectional  area  must  be  sufficient  to 
prevent  the  saturation  point  being  readily  reached. 

The  spaces  between  the  pole-pieces  of  the  field-maghet  and 
the  core  of  the  armature  offer  considerable  magnetic  resistance, 
which  may  roughly  be  taken  as  nearly  proportional  to  the  distance 
between  tiie  iron  surfaces,  the  permeability  of  the  copper  wire  and 
its  insulation  being  about  the  same  as  that  of  air.  The  only  way 
of  overcoming  this  serious  difficulty  is  to  reduce  the  distance 
between  the  iron  surfaces  as  much  as  safety  will  permit,  and,  since 
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this  minimum  distance  is  nearly  the  same  in  machines  of  all  sizes, 
we  see  one  reason  to  account  for  the  observed  fact  that  small 
dynamos  are  less  efficient  than  larger  ones. 

It  must  not  be  forgotten  that  while  the  permeability  of  iron 
decreases  with  an  increase  of  the  magnetic  induction  through  it, 
that  of  air  remains  constant,  and  the  difference  between  the  per- 
meability of  the  nearly-saturated  iron  of  the  iield-magnets,  and 
that  of  the  air  space,  is  never  anything  like  the  difference  usually 
given  for  unsaturated  soft  iron  and  air. 

Two  very  important  considerations  influencing  the  construction 
of  field-magnets  are  economy  and  mechanical  strength,  and  in 
practice,  as  we  shall  see,  it  is  often  considered  advisable  where  the 
weight  is  unimportant  to  use  cast-iron  for  part  or  all  of  the  field- 
magnet  core.  It  is  preferable  to  forge  or  cast  the  core  in  one 
piece,  as  joints  break  the  molecular  continuity  and  increase  the 
magnetic  resistance  considerably ;  this  disadvantage  is  minimised 
by  making  the  surfaces  in  contact  fit  truly.  The  principal  prac 
tical  objection  to  the  use  of  cast-iron  is  that,  since  its  sectional 
area  must  be  at  least  twice  that  of  wrought-iron,  a  much  greater 
amount  of  copper  is  required  to  form  the  field-magnet  coils. 
Copper,  even  now,  is  expensive,  while  cast-iron  cores  are  £Eur  less 
costly  than  equivalent  ones  of  wroughtiron,  and  the  student 
should  observe  how  different  makers  aim  at  true  economy  in  this 
matter.  Even  leaving  out  the  question  of  cost  and  weight,  it  does 
not  by  any  means  follow  (as  is  sometimes  supposed)  that  a  dynamo 
properly  designed  to  perform  certain  work,  and  having  cast-iron  in 
its  construction,  is  inferior  to  one  built  wholly  of  wrought-iron  to 
perform  the  same  work. 

The  composition  of  the  '  ampere-turns ' — that  is,  the  propor- 
tion of  current  strength  to  the  number  of  convolutions — will 
depend  largely  upon  the  manner  in  which  the  exciting  current  is 
obtained;  for  it  is  sometimes  necessary  to  have  considerable 
resistance  in  the  coils,  and  then  the  number  of  convolutions  may 
be  made  great  and  the  current  correspondingly  weak ;  while  in 
other  cases  a  high  resistance  is  inadmissible,  when  only  a  few  turns 
can  be  employed,  and  the  necessary  magneto-motive  force  must 
then  be  obtained  by  the  aid  of  a  heavy  current 

At  the  b^inning  of  this  chapter  we  referred  to  a  very  impor- 
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tant  benefit  following  the  commutation  of  the  current,  viz.  the 
possibility  of  using  all  or  part  of  the  current  generated  in  the 
armature  for  the  purpose  of  magnetising  the  field-magnets,  and 
the  simplest  method  of  doing  this,  in  which  the  whole  of  the 
current  is  so  employed,  is  exemplified  in  fig.  i58,    A^  machine 


Fig.  158L 


havttig  its  connections  made  in  the  manner  ther^  shown  is  known 
as  a  *  Series  Dynamo.' 

SN  are  the  pole-pieces  of  a  massive  horse-shoe  electro- 
magnet ;  the  armature  a  revolves  in  the  space  between  them,  Bj  Bf 
being  the  brushes  which  press  against  the  commutator,  and  by 
means  of  which  the  current  generated  in  the  armature  can  be  led 
to  any  desired  point  In  this  case,  one  end  of  the  wire  forming 
the  coil  of  the  electro-magnet  is  connected  directly  to  the  brush 
B|,  the  other  end  being  joined  through  the  e.\temal  circuit  k  to 
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the  opposite  brush  b„  so  that  the  circuit  of  the  field-magnet  is 
completed  through  the  armature  coils.  Hence  the  whole  of  the 
current  generated  in  the  armature  must  pass  round  the  coils  and 
magnetise  the  electro- magnet.  But  how  is  the  current  to  be 
started  in  the  first  instance  ?  It  so  happens  that  even  the  purest 
soft  iron  is  found  to  retain  some  of  .the  magnetism  imparted  to  it, 
therefore  the  cores  of  a  dynamo  always  retain  an  appreciable 
amount 

This  *  residual '  magnetism  is  sufficient  to  project  a  few  lines  of 
force  through^the  armature  coils ;  so  that,  when  the  armature  is 
rotated,  a  feeble  current  is  generated  in  them.  The  connections 
being  made  as  in  fig.  158,  this  current  leaves  the  armature  by  the 
top  brush  B),  flows  through  the  external  circuit,  and,  returning  to 
the  machine,  passes  round  the  coils  of  the  field-magnets,  the 
circuit  being  completed  through  the  lower  brush  b^  The  feeble 
current  sent  in  this  way  through  the  field-magnets  increases  the 
strength  of  the  field  in  which  the  armature  rotates,  and,  con- 
sequently, the  current  generated  also  becomes  stronger.  This 
further  increases  the  magnetic  field  developed,  and,  consequently, 
also  the  current  strength,  action  and  reaction  succeeding  one 
another,  until  presently  the  current  becomes  very  strong  indeed. 
This  increase  does  not,  however,  continue  indefinitely,  there  being 
two  especially  important  restrictions  which  tend  to  fbc  a  limit  to 
the  current  produced.  In  the  first  place,  although  the  core  of 
the  field-magnet  may  be  very  massive,  its  magnetisation  eventually 
approaches  the  saturation-point,  beyond  which  an  increase  of  the 
current  in  the  coils  would  not  by  any  means  involve  a  correspond* 
ing  increase  in  the  strength  of  the  effective  field.  Secondly,  the 
rotation  of  the  armature,  although  performed  with  Ittfte  effort  at  the 
commencement,  requires  a  considerable  expenditure  of  energy  as 
the  strength  of  the  current  increases.  We  are  even  able  to  estimate 
the  relative  amoiAits  of  the  power  required  to  turn  the  armature 
while  currents  of  different  strengths  are  b^ing  generated.  For.our 
present  purpose  the  calculation  can  be  made  very  simple  by 
ignoring  the  power  lost  in  mechanical  friction,  &c;  The  electrical 
power  which  is'  being  developed  in  any  circuit  can  be  found  by 
simply  multiplying  together  the  electro-motive  force  in  volts  and 
the  current  strength  in  anmeres  in  that/  circuit,  the  result 
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the  number  of  watts  of  power  developed  therein,  or  w  ss  e  c,  w 
being  the  number  of  watts. 

As  the  E.M.r.  is  equal  to  the  product  of  current  strength  and 
resistance  (that  is,  b  =  c r),  we  may  write  wascRXCssC* R — 
that  is,  the  power  in  watts  developed  is  equal  to  the  resistance  in 
ohms  multiplied  by  the  square  of  the  current  strength  in  amperes. 

As  the  resistance  of  the  dynamo  armature  and  magnet  coils  is 
always  known,  only  one  measurement,  that  of  current  strength, 
need  be  taken,  which  can  be  done  by  any  ammeter  of  negligibly 
low  resistance. 

Supposing,  for  example,  the  resistance  of  the  armature  to  be 
3  ohms^  and  that  of  the  field-magnets  to  be  2  ohms,  then  the  total 
resistance  is  5  ohms.  When  a  current  of  10  amperes  is  generated 
without  any  external  resistance,  the'  electrical  power  appearing 
in  the  circuit  is  equal  to  c'r  s  100  x  5  «=  500  watts,  and  if  the 
current  is  increased  to  20  ampere^  then  c'r  s  400  x  5  s  2,000 
watts. 

Now,  in  both  cases  at  least  as  much  mechanical  power  is  re- 
quired to  turn  the  armature  as  appears  in  the  circuit  as  electrical 
power.  A  certain  amount  in  excess  is  necessary  (depending  upon 
the  efficiency  of  the  machine),  because  some  energy  must  be 
wasted  in  overcoming  the  mechanical  friction  of  the  bearings,'  &c, 
and  still  more  by  various  electrical  causes,  such  as  eddy  currents 
and  the  currents  which  flow  in  the  coils  during  the  period  of 
short-circuiting. 

The  main  point,  however,  upon  which  we  desire  at  present  to 
lay  stress  is  that  the  increase  in  the  current  is  not,  and  never  can 
be,  obtained  without  a  corresponding  increase  in  the  power  ez<^ 
pended  in  turning  the  armature ;  in  fact,  from  the  above  reasoning 
il  is  clear  that  in  a  series  dynamo  such  as  the  one  described,  the 
mechanical  power  expended  varies  as  thb  square  of  th6  strength  of 
the  current  obtained  in  the  external  circuit,  ignoring  the  mechani- 
cal power  lost  in  the  machine  during  conversion. 

The  ultimate  strength  of  the  current  is,  then,  limited  not  only 
by  the  saturation  of  the  field-magnets,  but  also  by  the  amount  of 
power  at  our  disposal  to  drive  tRe  armature  round.  The  engine, 
or  other  source  from  which  the  power  is  derived,  must  at  least  be 
able  to  furnish  power  equal  to  the  maximum  electrical  power  it  is 
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desired  to  obtain,  to  which  must  also  be  added  that  which  is 
wasted  in  friction,  &:c. 

With  regard  to  the  residual  magnetism  which  is  relied  upon  to 
start  the  current,  it  may  be^  remarked  that  if  the  field-magnets  arc 
once  strongly  magnetised  by^a  current  passing  in  the  direction  in 
which  it  is  desired  the  currents  sh^ll  afterwards  be  generated,  the 
cores  will  rarely  lose  all  traces  of  magnetism,  especially  if  of  cast- 
iron.  This  sometimes  happens,  however,  when  the  dynamo  is 
moved,  and  the  magnetism  may  even  be  reversed ;  but  matters  can 
easily  be  righted  by  passing  a  current,  say,  from  a  few  cells  for  a 
moment  in  the  proper  direction  through  the  field-magnet  coil& 

Hitherto,  the  dynamo  has  been  considered  as  only  wotking  on 
•short  circuit' — that  is,*  with  the  circuit' completed  without  the 
introduction  of  any  appreciable  external  resistance.  In  practice, 
we  require  the  current  to  do  a  greater  or  less  amount  of  woric  in 
an  external  circuit,  such  as  developing  light  in  electric  lamps  or 
driving  an  electro-motor.  In  such  a  case,  part  only  of  the  power 
is  expended  in  overcoming  the  internal  resistance  (that  is,  the 
resistance  of  the  armature  and  field-magnets)  and  maintaining  the 
field,  the  remainder  being  employed  in  the  external  circuit  It  is 
easy  to  find  tlie  relative  amount  of  power  absorbed  in  the  two 
parts  of  the  circuit.  Thus,  suppose  the  strength  of  the  current  to 
be  40  amperes,  and  the  total  e.m.f.  to  be  80  volts,  then  the  total 
electrical  power  is  40  x  80  s=  3,200  watts.  If,  now,  the  difference 
of  potential  between  the  two  extremities  of  the  external  circuit 
is  found  to  be  60  volts,  the  power  absorbed  therein  is  40x60 
s=  2,400  watts,  for  the  strength  of  the  current  is  the  same  in  all  parts 
of  the  same  circuit  The  remaining  difference  of  potential  is 
80— 60  =  20  volts,  which  is  the  fall  along  the  internal  circuit,  and 
which  absorbs,  therefore,  40  x  20  =  800  watts.  In  this  way,  the 
ratio  between  the  power  spent  in  the  external  and  internal  portions 
of  the  circuit  can  in  every  case  be  measured.  The  two  ends  of 
the  external  circuit  above  referred  to  are  called  the  '  dynamo  ter- 
minals,' and  the  potential  difference  thereat  can  be  measured  by 
any  convenient  voltmeter.  Since,  also,  the  power  spent  in  either 
portion  can  be  calculated  by  multiplying  the  square  of  the  current 
strength  by  the  resistance  of  the  respective  portions  of  the  circuit, 
and  as  the  current  is  the  same  in  .each,  it  follows  that  the  energy 
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absorbed  in  either  part  is  directly  proportional  to  the  resistance  of 
that  part  Thus,  if  the  resistance  of  the  external  circuit  is  Rjohms^ 
and  that  of  the  d)manio  r  ohms,  the  total  resistance  is  R+r.  Let 
the  total  number  of  watts  developed  be  w.  Then,  denoting  the 
watts  absorbed  in  the  internal  and  external  parts  of  the  circuit  by 
jr  and^  respectively,  we  have  , 

X  :  y  i:  r  I  R^ 
4r  :  w  ::  r  :  R  +  r, 
y  :  \v  ::  r  :  R  +  r. 

But  it  is  very  rarely  that  any  dynamo  works  through  an  ex- 
ternal circuit  of  constant  resistance  ;  if  it  is  supplying  current  to 
electric  lamps,  some  of  them  are  liable  to  be  thrown  into  or  out  of 
circuit  at  any  moment,  and  the  behaviour  of  a  series  dynamo 
under  these  varying  conditions  must  be  briefly  noted.  Supposing 
the  lamps  to  be  joined  up  in  series,  then  any  addition  to  the 
number  will  increase  the  external  resistance  and  reduce  the  current 
strength,  and  thi«  means  a  corresponding  decrease  in  the  strength 
of  the  field,  and,  consequently,  a  further  diminution  in  the  current 
strength  If  we  suppose  the  lamps  to  be  joined  up  in  parallel, 
then  any  addition  to  the  number  in  circuit  decreases  the  total 
resistance  and  increases  the  current.  This,  by  strengthening  the 
field,  still  further  increases  the  current  strength.  So  that  in  either 
case  considerable  difficulties  arise  when  a  series  dynamo  is  used 
on  a  circuit  6f  var)*ing  resistance. 

Moreover,  this  variation  of  the  current,  while  it  varies  the 
effective  fields  of  the  armature  and  field-magnet,  does  not  do 
so  in  the  same  proportion.  The  angle  of  lead  must  therefore  be 
altered  for  e^ery  aheration  of  the  current,  or  injurious  sparking  at 
the  brushes  will  ensue. 

For  these  reasons,  the  conditions  under  which  the  simple  series 
dynamo  can  be  conveniently  employed  are  somewhat  limited.  For 
general  work  some  method  of  'regulation'  is  essential— that  is, 
some  arrangement  by  which  the  machme  shall  be  made  to  develop 
just  as  much  electrical  power  as  the  variations  in  the  external 
circuit  demand  from  it ;  the  first  approximation  thereto  is  obtained 
by  a  slight  alteration  in  the  manner  of  winding,  giving  us  what  is 
known  as  the  'Shunt'  dynamo. 
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In  the  shunt  dynamo  the  field-magnet  coils,  instead  of  beings 
joined  up  in  series  with  the  annature  and  external  circuit,  are  so 
connected  that  they  form  a  *  shunt'  to  the  external  dradt,  and 
receive,  therefore,  only  a  part  of  the  current  generated  in  the 
armature,  the  proportion  depending  upon  the  relative  resistances. 
Fig.  159  shows  the  manner  in  which  the  connections  are  madc^ 
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and  the  principle,  which  is  very  simple,  should  be  readily  grasped. 
The  armature  is  rotated  between  the  pole-pieces,  and  a  certain  e.m.p. 
is.set  up.  The  whole  of  the  current  generated  passes,  as  a  matter 
of  course,  through  the  armature,  and  we  will  suppose  that  its  direc- 
tion in  both  halves  of  the  armature  is  upwards,  or  from  the  lower 
to  the  upper  brush.  At  the  upper  brush,  Uj,  the  circuit  is  divided, 
two  paths  being  open  to  the  current ;  one  round  the  coils  of  the 
field-magnets,  by  taking  which  it  augments  and  maintains  the 
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field  ;  and  the  other  through  the  external  circuit,  where  it  can 
be  used  to  run  lamps,  or  perform  such  other  work  as  may  be 
required.  Both  of  these  paths,  however,  terminate  at  the  lower 
brush,  B|,  and  the  quantity  of  the  current  which  goes  round  either 
path  is,  as  we  have  just  indicated,  simply  inversely  proportional  to 
its  resistance.  In  case  any  difficulty  should  be  experienced  in 
understanding  the  connections  or  in  tracing  the  path  of  the  current 
in  the  various  branches,  the  arrangement  is  shown  even  more 
clearly  in  fig.  160,  r  being  the  external  circuit,  s  the  field-magnet 
coil,  B],  O2  the  brushes,  and  d  the  commutator  of  the  dynamo. 

The  method  of  measurement  applied  to  the  series  dynamo  can 
also  be  adopted  with  the  shunt  machine,  for  the  amount  of  power 
absorbed   in  the  armature,  j.,^  ^^ 

field-magnet  coils,  and  ex- 
ternal circuit  respectively, 
can  be  found  by  multiplying 
the  current  in  that  particular 
part  of  the  circuit  by  the 
potential  difference  at  its 
extremities.  The  armature 
resistance  must  be  very  low, 
otherwise,  as  it  carries  the  ^ 

whole  of  the  current,  the  power  absorbed  therein  becomes  con- 
siderable ;  on  the  other  hand,  the  resistance  of  the  field-magnet 
coils  requires  to  be  relatively  high.  In  an  actual  machine  giving 
excellent  results,  the  resistance  of  the  armature  is  a  trifle  less  than 
one-hundredth  of  an  ohm,  while  the  magnet  coils  offer  16-93",  or 
about  1,700  times  as  great. 

Supposing  this  machine  were  driven  at  such  a  speed  as  to 
develop  an  e.m.f.  at  the  brushes  of  100  volts,  the  external  resist- 
ance R  (consisting  of  a  number  of  lamps  in  parallel)  being  half 
an  Qhm«  then  the  current  in  the  external  circuit  would  be 
300  amperes,  and  the  power  usefully  employed  therein  100  x  200 
=s  20,000  watts.  The  resistance  of  the  shunt  coils  being  i6'93*, 
and  the  potential  difference  at  the  extremities  100  volts,  the  current 
produced  therein  will  be  almost  6  amperes.  So  that  6  x  100  =  600 
watts  will  be  absorbed  in  maintaining  the  field.  The  current  in 
the  armature  of  a  shunt  dynamo  is  the  sum  of  the  two  currents  in 
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the  external  branches — viz.  the  field-magnet  coils,  and  the  external 
circuit,  and  in  this  particular  case  is  6  +  200  =  206  amperes. 
The  armature  resistance  is  o'oi*,  and  since  the  fall  of  potential 
alongjt  is  equal  to  the  product  of  current  strength  and  resistance, 
the  fall  of  potential  along  the  armature  from  brush  to  brush  is 
206  X  o'oi  =  2*o6  volts.  Therefore  the  power  absorbed  in  it  is 
2*06  X  206  =  424*36  watts,  which  of  course  might  also  be  ob- 
tained by  multiplying  together  the  square  of  the  current  passing 
through  the  armature  by  its  resistance.  Now  the  whole  electrical 
power  developed  is  21,024  watts,  of  which  number  1,024  are 
absorbed  Jn  maintaining  the  field  and  in  overcoming  the  armature 
resistance,  the  remaining  ^20, 000  being  usefully  expended  in  the 
external  circuit 

The  ratio  of  the  power  usefully  avaflable  to  the  total  power 
developed  is  commonly  known  as  the  *  electrical  efficiency '  of  the 

dynamo,  and  in  the  case  just  considered  this  ratio  is    ^^»?®^    or 
■^  '  *  21,024' 

the  electrical  efficiency  is  slightly  over  95  per  cent.     It  is  hardly 
necessary  to  point  out  that  a  very  slight  increase  of  the  arma 
ture  resistance  would  considerably  lower  this  figure. 

Ignoring  for  the  moment  the  smaii  amount  of  residual  magnet- 
ism, it  will  be  observed  that  in  a  series  dynamo  the  field-magnets 
become  demagnetised  immediately  the  external  circuit  is  broken, 
because  the  whole  of  the  current  is  then  stopped.  In  the  case  of 
a  shunt  dynamo,  however,  if  the  external  circuit  R  in  fig.  160  is 
broken,  there  is  an  alternative  path  left  for  the  current  generated 
by  the  armature,  viz,  round  the  field-magnet  coil  5,  As  the  whole 
of  the  current  will  then  pass  through  the  field-magnet  coil  instead 
of  only  a  portion  of  it,  the  strength  of  the  field  due  to  the  field- 
magnet  is  always  at  its  maximum  when  the  external  circuit  is  dis- 
connected;  exactly  opposite  to  the  case  of  the  series  dynamo.  In 
the  latter  machine  the  most  powerful  current  is  generated  and  the 
field  is  stron^t  when  its  temiinals  are  joined  by  a  piece  of  thick 
wire ;  but  this  proceeding  would  have  the  reverse  effect  upon  a 
shunt  machine,  because  practically  no  current  would  flow  round 
the  coils  on  account  of  the  very  low  resistance  of  the  alternate 
path.  And,  although  the  shunt  dynamo  (especially  if  the  resist- 
.mnce  of  its  armature  is  low)  is  through  a  certain  range  less  affected 
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by  changes  in  the  external  circuit  than  the  series  dynamo,  neither 
of  them  is,  for  many  purposes,  sufficiently  *  self-regulating,'  or  able 
to  accommodate  itself  to  these  external  variations.  We  may  require 
a  dynamo  to  do  one  of  two  things  :  either  (a)  to  regulate  itself 
so  as  to  send  a  constant  current  or  a  current  of  uiliform  strengtlr 
through  the  external  qircuit,  although  the  resistance  may  be  con- 
siderably varied :  or  {b)  we  may  require  it  to  maintain  a  constant 
potential  at  the  extremities  of  the  external  circuit — that  is,  at  the 
brushes — under  like  variations  of  resistance  A  machine  cannot 
be  constructed  to  fulfil  both  these  requirements,  and  we  will  first 
consider  the  best  of  the  many  methods  of  maintaining  a  constant 
potential.  This  consists  in  the  combination,  in  one  machine,  ot 
the  series  and  the  shunt  methods  of  winding.  The  simplest  way, 
perhaps,  of  viewing  the  arrangement,  is  to  consider  the  machine 
as  a  shunt-wound  one,  ha\'ing  added  to.  it,  round  the  magnet- 
limbs,  a  few  turns  of  wire  in  series  with  the  external  circuit 
Then,  when  the  external  resistance  is  made  very  low,  and,  as  a 
consequence,  the  current  in  the  shunt  coils  reduced  to  almost 
nothing,  the  magnetic  effect  of  the  series  coils  becomes  a  maxi- 
mum, so  that  the  opposite  variations  in  these  two  sets  of  coils 
tend  to  keep  the  field  more  or  less  constant.  It  is  clear  that  the 
success  attending  this  combination  will  depend  largely  upon  the 
proper  proportions  being  given  to  the  shunt  and  series  coils,  and 
in  order  to  ascertain  what  these  proportions  are  or  should  be  for 
any  particular  case,  we  will  now  introduce  a  convenient  method 
by  which  the  variation  of  the  ie^\i,t,  develooed  by  a  dynamo  under 
varying  conditions  can  be  studied. 

Let  us  start  with  the  case  of  a  series  macnine,  driven  through- 
out the  experiments  at  a  constant  speed,  and  joined  up  to  a  set  of 
suitable  known  resistances  which  can  be  ^-aried  as  desired.  The 
resulting  current  can  be  measured  by  any  suitable  ammeter, 
and,  the  resistance  of  the  machine  and  of  the  external  circuit 
being  known,  the  whole  of  the  icj^lf.  developed  can  be  calculated 
as  the  product  of  amperes  and  ohms.  We  thus  obtain  the 
amperes  of  current  flowing  and  the  whole  of  the  volts  of  E.M.F. 
developed,  and  these  two  quantities  ma)'  be  similarly  found  for 
any  number  of  values  which  we  choose  to  give  the  external 
rrsistaucc. 
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For  instance;  w^  mi^ht  start  with  the  exfemal  resfstance  rerjr  high 
and  reduce  it  by  suitstble  gradations  until  it  becomes  as  Ipw  as  safety 
to. the  machine  will  allow.  A  table  might  then  be  made  showing 
the  ndmber  of  amperes  flowing  at  every  stage  and  Ithe  volts  corre- 
sponding thereto.  But  by  means^of  the  'squared  paper '•previously 
referred  to,  the  whole  of  the  experiments  can- be  shoA\'n  graphically 

'Fig.  i6i. 
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in  the  form  of  a  curve,  known  as  the"  characteristic  curve*  of  the 
particular  machine  experimented  with.  Fig.  i6i  represents  such 
a  curve,  taken  from  a  series  machine,  driven  at  a  constant,  speed. 
The  volts  calculated  are  measured  off  in  vertical  'distances  or 
ordinateSy  and  the  amperes  in  horizontal  distances  or  abscissse. 
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the  intersection  of  corresponding  ordinates  and  abscissae  being 
points  on  the  curve.  The  length  of  the  side  of  a  square  in  the 
figure  represents  10  volts  or  10  amperes,  but  in  practice  it  is  better 
to  use  a  larger  sheet  of  paper  divided  into  a  greater  number  of 
squares,  one  side  of  each  square  representing  i  volt,  or  i  ampere 
as  the  case  may  be.  One  of  the  experiments  with  this  machine 
showed  that  70*6  volts  were  developed  when  18*2  amperes  were 
flowing,  and  the  point  a  on  the  curve  is  the  result  of  this  particular 
experiment  It  is  the  point  of  intersection  of  the  two  straight 
lines,  CA  and  da,  drawn  at  right  angles  to  oy  and  ox  respec- 
tively, CA  being  18*2  units  and  da  70*6  units,  in  length  (the  unit 
being  one-tenth  of  the  side  of  one  of  the  squares).  Another  ex- 
periment, which  determined  the  position  of  the  point  b,  showed  that 
42  amperes  were  flowing  when  87*4  volts  were  developed ;  therefore 
the  distance  e  b  is  made  equal  to  42  units,  and  f  b  to  87*4  units. 
Other  points  were  flxed  by  similar  experiments,  and  by  joining 
these  points  together  the  curve  was  obtained.  Considerable  care 
must  be  exercised  in  performing  the  necessary  experiments  to 
determine  one  of  these  curves,  and  in  the  region  of  any  decided 
change  in  the  curvature  the  number  of  experiments  must  be 
greater  than  in  the  more  uniform  portions  of  the  line.  Notwith- 
standing, however,  the  exercise  of  the  greatest  possible  care,  some 
of  the  points  are  usually  placed  a  little  out  of  position,  owing  to 
experimental  error.  But  experience  and  theory  teach  us  that 
zigzag  deviations  never  appear  in  the  curves  of  dynamo  machines, 
so  that  when  the  points  do  not  lie  exactly  on  a  regular  curve,  we 
can,  to  a  certain  extent,  correct  experimental  errors,  by  striking 
what  may  be  called  an  average^  with  the  aid  of  a  flexible  ruler. 

Were  the  amperes  and  volts  to  increase  in  the  same  proportion 
throughout,  the  'curve '  would  be  a  straight  line ;  but  with  every' 
self-exciting  series  dynamo  ^e  get  a  curve  somewhat  similar  to  the 
one  here  given — that  is  to  say,  with  the  flrst  part  ascending  rapidly, 
then  a  decided  bend,  followed  by  a  fairly  straight  portion  making 
a  smaller  angle  with  the  horizontal  It  has  already  been  pointed 
out  that  although  the  e.m.f.  rises  as  the  current  flowing  round  the 
field-magnets  (and,  therefore^  as  the  strength  of  the  field)  increases, 
a  stage  is  reached  when  a  given  increase  in  the  current  does  not 
give  a  proportionate  increase  in  the  field.    This  happens  when  the 
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iron  in  the  field-magnets  becomes  saturated,  and  it  is  at  this 
stage  that  the  decided  bend  in  the  characteristic  cunre  shows 
that  the  amperes  are  increasing  faster  than  the  volts. 

It  sometimes  happens  that  by  merely  glancing  at  a  curve  we 
can  criticise  the  design  of  a  machine  in  some  important  respects ; 
for  instance,  the  effect  of  having  too  little  iron  in  a  machine  would 
be  to  make  the  bend  occur  earlier  than  it  really  should  do.  Other 
points  of  criticism  will  manifest  themselves  presendy. 

Reverting  to  fig.  i6x,  it  will  be  seen  that  the  curve  commences, 
not  exactly  at  the  point  o,  but  at  a  point  a  little  way  up  the  verti- 
cal line,  thus  apparently  indicating  the  existence  of  a  small  e.m.f. 
before  the  current  commences  to  flow.  This  actually  is  the  case, 
and  results  from  the  existence,  in  the  field-magnets,  of  residual 
magnetism,  which  provides  a  weak  field  and  produces  a  small 
E.M.P.  at  the  terminals  before  the  circuit  is  rompleted. 

The  two  quantities— current  and  E.M.F. — plotted  in  this  curve, 
are  those  which,  when  multiplied  together,  enable  us  to  estimate 
the  amount  of  power  being  developed  in  the  whole  circuit,  for  the 
product  of  one  volt  and  one  ampere  is  one  watt,  which  is  the  elec- 
trical unit  of  power,  or  rate  of  expenditure  of  energy,  and  746 
watts  correspond  to  one  horse-power.  It  follows  that  we  can 
select  any  point  on  the  curve  and  readily  calculate  what  power 
was  being  developed  in  the  circuit  at  the  particular  moment  that 
the  point  was  determined;  for  instance,  during  the  experiment 
which  determined  the  position  of  the  point  a,  the  power  de- 
veloped was  70-6  X  x8-a  =  1,284-92  watts. 

Such  calculations  can,  in  a  measure,  be  avoided  by  the  addi- 
tion of  another  set  of  curves  cutting  the  characteristic  at  points 
which  correspond  to  a  certain  horse-power  or  fraction  of  a  horse- 
power. Fig.  162  is  a  copy  of  fig.  x  61,  with  a  number  of  these 
horse-power  curves  added  in  dotted  lines.  At  the  point  m,  where 
the  characteristic  cuts  the  i  horse-power  line,  the  product  of  volts 
and  amperes  is  equal  to  746  watts,  while  at  K  it  is  equal  to  2  x  746 
ss  1,492  watts.  Now,  if  the  dynamo  is  driven  at  a  higher  speed, 
the  E.M.P.  for  a  given  current  will  be  greater — that  is,  the  vertical 
distances  will  be  relatively  greater  than  the  horizontal  ones  as  the 
speed  is  increased,  and  a  curve  somewhat  similar  in  shj^>e,  but 
placed  above  the  existing  one,  will  be  obtained.    Several  curves 
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may  thus  be  plotted  on  the  same  sheet  of  paper,  and  the  power 
developed  at  different  stages  in  each  case  readily  compared,  by 
reference  to  the  horse-power  lines. 

Although  it  is  possible  to  apply  to  these  horse-power  lines  a 
rather  high-sounding  mathematical  definition,  they  may  be  con- 
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structed  by  a  simple  process.  As  an  example  let  us  take  the 
X  H.P.  line  in  fig.  162 ;  T,  the  nearest  pomt  to  o,  will  be  equally 
distant  from  o  x  and  o  t— that  is  to  say,  the  perpendiculars  drawn 
from  T  to  o  X  and  o  y  will  be  equal  These  perpendiculars  are 
shown  Jn  fig.  163,  where  TSa=TN,  and  their  product  tsxtn 
must  be  equal  to  746  units,  since  T  is  a  point  on  the  curve. 
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Now  XTSO  is  a  square,  all  the  sides  are  equal,  and  therefore 

T8XTN  ca  TN*  a=s  ON*  =  746,    OF    O  N  ss  '>/j4S.      (llie  Unit  in 

fig.  169  is  one-tenth  of  the  side  of  a  jK^uare,  and  in  every  case  the 
unit  is  that  length  taken  to  represent  one  volt  or  one  ampere.)  I^ 
therefore,  we  take  on  and  os  equal  to  s/ 746 —that  is,  27*3  units 
in  length,  and  draw  perpendiculars  from.N  and  s,  their  intersection 

in  T  will  give  -the 
first  point  on  the 
curve.  Then,  if  any 
convenient  number 
of  rectangles,  equal 
in  area  to  thesquare, 
be  constructed,  the 
product  of  two  ad- 
jacent sides  will 
equal  qn  xtn  = 
746.  For  instance, 
the  rectangles  ob 
and  oc  are  equal 
to  the  square  or 
(o  A  and  6  d  being 
each  twice  the  length 
^  ^  ^  '^         X       of  o  N,  and  o  f  and 

o  B  being  half  that  length).  Therefore,  since  a  b  x'b  e  and  c  p  x  c  f 
are  each  equal  to  746,  b  and  c  are  points*  on  the  curve.  This 
method  illustrates  the  principle  in  a  simple  manner,  and  quicker 
methods  of  finding  pairs  of  lines  whose  products  are  equal  will 
suggest  themselves  (Euclid,  III.  36).  The  side  of  the  square 
determining '  the  first  point  on  the  2  h.p.  line  will  be  equal  to 
s/(2  X  74^=5  ^  1492,  consequently  the  gthcr  points  can  be  found 
in  the  same  way  as  before. 

It  will  be  remembered  that  the  characteristic  in  fig.  161  was 
constructed  by  measuring  the  amperes,  and  calculating  the  total 
volts ;  but  it  is  less  troublesome  to  join  up  a  voltmeter  and  mea* 
sure  directly  the  volts  a/  the  terminals  of  the  dynamo,  and  then 
plot  a  curve  showing  the  potential  difference  at  the  terminals 
(instead  of  the  total  e.  m.  f.),  corresponding  to  various  values  of  the 
current.      In  fact,  this   latter  curve,  usually  called  the  externa] 
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characteristic!  curve,  is  the  more  useful  of  the  two,  for  in  practice 
it  is  the  external  potential  difference  which  concerns  us  most. 

In  fig.  164  the  curve  o  P  is  the  ^x/^r;f a/ characteristic,  obtained 
from  the  same  machine  as  the  previous  curve,  running  at  the 
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same  speed  llie  bend  is  now  even  more  clearly  defined ;  in  fact, 
after  a  certain  point,  the  |>otential  difference  falls  as  the  current 
is  increased.  One  reason  for  this  bending  down  is,  as*  we  have 
said,  the  magnetic  saturation  of  the  iron,  and  {t  is  also  partly 
caused  by  the  heavy  current  in  thearmature  distorting  the  field. 
The  curve  shows  us  then,  at  a  glance,  the  particular  current 
strength  at  which*  we  can  get  the  maximum  external  potential 
difference  at  a  given  speed,  and,  of  course,  by  inserting  the  horse* 
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power  lines,  ire  can  also  see  the  amount  of  power  absorbed  in  the 
external  circuit.  Now  the  remainder  of  the  E.&I.F.  is  absorbed  in 
overcoming  the  resistance  of  the  armature,  and  since  this  armature 
resistance  is  constant,  this  portion  of  the  e.m.f.  (found  by  multi- 
plying the  armature  resistance  and  the  current)  will  always  be  pro- 
portional to  the  current  flowing.  In  fact,  if  we  plot  the  '  curve ' 
for  current  and  e.m.f.  expended  in  the  armature^  we  get  the 
straight  line  o  a.  And,  further,  if  at  any  point,  say  c,  we  add 
together  the  vertical  distance,  c  b,  from  the  base  line  to  the  line 
o  A,  and  c  d,  the  vertical  distance  to  the  external  characteristic, 
we  get  a  line  proportional  to  the  whole  E.M.F.,  giving  the  point  k 
on  the  original  total  characteristic  In  this  manner  we  can  con- 
struct the  total  characteristic  curve,  now  shown  as  a  dotted  line ; 
or,  given  this  curve,  we  might  draw  the  line,  o  a,  and  by  subtract- 
ing, deduce  the  external  characteristic. 

The  greater  the  armature  resistance  the  greater  will  be  the 
fall  of  potential  along  it,  and  therefore  also  the  greater  will  be  the 
angle  which  o  a  makes  with  the  horizontal.  In  £ict,  the  tangent 
of  this  angle  is  proportional  to  the  armature  resistance^   for 

1l=s-sa— =stanBOC. 
C        DC 

If  this  angle  happened  to  be  45^  we  should  know  that  the 
armature  resistance  is  i  ohm,  for  the  tangent  of  45®  is  i.  la  the 
present  case  the  angle  is  31^,  the  tangent  of  which  is  0*601 ; 
therefore  the  armature  resistance  is  0*60  f  ohm. 

Coming  now  to  the  case  of  a  shunt-wound  dynamo^  if  we 
plot  the  curve  having  ordinates  proportional  to  the  electro- 
motive force,  and  abscissae  proportional  to  the  current  in  the 
shunt  coils,  a  somewhat  similar  result  is  obtained;  but  the 
'external'  characteristic  is  very  different,  as  will  be  seen  on 
referring  to  fig.  165,  which  is  the  curve  obtained  from  a  shunt 
dynamo,  the  vertical  distances  being  proportional  to  the  potential 
difference  at  the  terminals,  and  the  horizontal  distances  to  the 
current  in  the  external  circuit.  As  before,  the  scale  taken  is  soch 
that  a  side  of  a  square  represents  10  volts  or  10  amperes.  If  we 
suppose  the  series  of  measurements  to  be  commenced  when  the 
external  circuit  is  disconnected  and  its  resistance  therefore  infinite, 
the  K.M.F.  at  the  terminals  of  the  machine  will  h«ive  its  maximum 


(-11 AP.   IX. 


S/iufit  Curve 


311 


Y 

70 

P 
60 


50 


Fig.  16s. 


value,  and  we  shall  obtain  p,  the  highest  point  on  the  curve.  With 
this  particular  machine  running  at  a  certain  constant  speed,  the 
maximum  km.  p.  happened  (o  be  63*5  volts,  and  as,  of  course,  no 
current  flowed  in  the  external  circuit,  the  point  p  is  placed  on  the 
line  o  Yy  at  a  distance  of  63*5  units  above  o  x.  When  very  high 
resistance  is  intro- 
duced, so  as  to 
allow  just  a  feeble 
current  to  flow  in 
the  external  cir- 
cuit, the  E.M.F.  at 
the  terminals  falls 
slightly,  and  con- 
tinues to  fall  as 
the  resistance  is 
reduced  and  the 
current  conse- 
quently increased.  .  40 
At  first  the  amount 
of  current  abstrac-  ^ 
ted  from  the  field-  r"  30 
magnet  coil  makes 
but  little  difference  ^ 
to  the  strength  of  ^ 
the  field,  and 
therefore  the 
E.M.F.  falls  but 
slightly.  But  when 
the  external  resist- 
ance is  so  low  that 
the  current  be- 
comes about  20 
amperes,       the 
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amount  abstracted  from  the  shunt  begins  to  have  a  very  decided 
effect  upon  the  strength  of  the  field.  The  E.M.F.  then  falls  con. 
siderably,  and,  the  current  remaining  fairly  constant  during  a 
small  range,  the  effect  is  seen  in  the  curve  as  a  sudden  bend 
downwards,  almost,   in  fact,  a  perpendicular  line.     The  resist 
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ancc  being  still  further  reduced,  not  only  docs  the  K.Ar.F.  fall,  but 
also  the  current,  giving  the  curve  a  turn  backivardSy  until  pre- 
sently the  field-magnets  lose  their  magnetism,  and  when  the  ter- 
minals are  short-circuited  the  cur\-e  terminates  in  the  point  o, 
E.M.F.  and  current  being  then  reduced  to  ////.  As  the  field- 
magnets,  however,  rarely  lose  the  whole  of  their  magnetism,  a 
feeble  current  continues  to  flow  after  the  terminals  have  been 
short-circuited,  so  that  the  curve  should  really  end  at  a  point  some 
little  distance  from  o  along  the  line  o  x. 

Although  these  characteristics  give  us  a  clear  idea  of  the 
manner  in  which  the  external  potential  varies  with  the  classes  of 


dynamos  referred  to,  we  can  better  understand  the  method  of 
combining,  or,  technically  speaking, '  compounding,*  the  series  and 
shunt  windings  to  obtain  self-regulation,  by  constructing  and  com- 
paring other  curves,  which  show  how  the  external  potential  and  the 
external  resistance  vary  together,  both  in  a  series  and  in  a  shunt 
machine.  As  before,  the  ordinates  (fig,  i66)  represent  volts,  but 
the  abscissae  now  represent  ohms.  The  figure  shows  two  curves, 
one  for  a  shunt  and  the  other  for  a  series  machine,  both  starting 
at  or  near  the  line  o  v,  \yhen  the  external  resistance  is  ycry  low. 
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In  the  case  of  the  shunt  machine,  the  curve  shows  the  E.M.F.  to  be 
very  low  at  first,  gradually  rising  for  a  short  distance  as  the  resist- 
ance is  increased,  until  at  a  certain  stage  it  ascends  suddenly,  this, 
as  we  know,  occurring  when  the  external  resistance  is  great  enough 
to  allow  the  field-magnets  to  become  strongly  magnetised.  On 
the  other  hand,  the  curve  from  the  series  machine  is  at  its  highest 
point  B,  when  the  resistance  is  low,  and  it  falls  almost  in  the  same 
manner  as  the  other  curve  rises.  This  curve  cao  hardly  start  on 
the  line  o  v,  because,  of  course,  when  the  resistance  between  the 
terminals 'is  «/7,  no  dilTerence  of  potential  can  exist,  but  it  quickly 
reaches  the  highest  point  as  the  resistance  is  increased.  Now  if  in 
one  ma9hine  it  is  possible  to  so  proportion  the  shunt  and  series 
windings  that  the  maximum  effect  of  the  series  coil  is  equal  to  the 
maximum  effect  of  the  shunt  coil,  and  also  that  the  effect  of  the 
series  coil  diminishes  in  the  same  proportion  as  the  effect  of  the 
shunt  coil  increases,  these  two  windings  will  counterbalance 
each  other  through  a  considerable  variation  of  resistance,  and  the 
result  will  be  a  constant  external  potential  difference.  The  first 
condition  would  make  the  height  of  the  highest  points  on  each 
curve  equal ;  while  if  the  second  condition  were  attained,  the 
slope  downward  of  the  one  curve  would  exactly  correspond  to 
the  slope  upward  of  the  other.  And  at  any  point,  such  as  e,  the 
E.M.F.  due  to  the  series  coil  added  to  that  due  to  the  shunt  coil, 
that  is,  E  F  +  £  G,  should  give  us  the  vertical  line  E  h  equal  to  the 
height  of  the  highest  point  on  each  curve.  Likewise,  the  point  of 
intersection  a  should  be  midway  between  b  d  and  o  x,  and  the 
heights  of  the  two  curves  added  together  throughout  should  pro- 
duce the  straight  line  b  d.  Then  the  e.h.f.  at  the  terminals  being 
constant,  the  current  ii-ill  vary  regularly  with  the  resistance,  and  we 
shall  consequently  obtain  a  straight  line  for  the  characteristic 
curve  qf  the  compound- wound  machine.  It  is  evident  that  if  the 
series  coil  acts  too  powerfully  the  effect  will  be  to  raise  the  point  b, 
that  is,  to  make  the  e.m.f.  higher  when  the  external  resistance 
is  low  and  the  current  strong,  than  when  the  external  resistance 
is  higher  \  and  vice  vers  A. 

Since,  however,  the  effect  of  an  alteration  of  the  speed  of 
rotation  of  the  armature  is  so  different  in  the  case  of  a  series  as 
compared  with  a  shunt  machine,  a  dynamo  compounded  in  the 
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manner  just  described  is  only  self-regulating  at  a  given  speed  ;  for 
at  any  other  speed  the  two  windings  do  not  compensate  each  other. 
In  the  case  of  a  series  machine,  if,  for  instance,  the  speed  were 
doubled  and  the  external  resistance  increased  sufficiently  to  keep 
the  current  the  same,  the  strength  of  field  would  remain  unaltered 
and  the  E.^LF.  would  be  increased  almost,  but  not  quite,  two-fold 

Fic.  167. 


by  the  doubled  speed.  On  the  other  hand,  if,  with  a  shunt 
dynamo,  by  increasing  the  external  resistance  we  main^in  the 
external  current  constant  when  the  speed  is  doubled,  the  current  in 
the  shunt  coil,  and  therefore  the  strength  of  the  field,  increases 
instead  of  remaining  the  same  as  does  that  of  a  series  dynamo. 
While,  if  at  the  doubled  speed  the  resistance  were  reduced  to  make 
the  current  in  the  shunt  coil  the  same  as  at  the  lower  speed,  the 
external  current  would  be  greatly  increased  in  strength.     Therefoie 
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because  of  ihesc  di/Terent  effects  of  an  alteration  of  speed  on  the 
series  and  shunt  windings,  the  dynamo  will  only  regulate  perfectly 
when  driven  at  the  particular  speed  for  which  it  was  compounded, 
in  practice  the  speed  at  which  the  machine  is  to  run  is  usually  deter- 
mined beforehand,  then  at  this  speed  the  shunt  coils'  alone  must 
be  able  to  provide  a  sufficiently  strong  field  to  devefop  at  the 
tenninals  the  required  e.m.f.  when  the  external  circuit  is  dis- 
connected, while  when  the  external  resistance  is  made  as  low  as  it 
Will  be  in  actual  working  the  ampere-turns  in  series  should  be 
able  to  maintain  this  same  field. 

The  connections  of  a  compound -wound  dynamo,  and  the  paths 
taken  by  the  current  through  its  coils,  are  typically  illustrated  in 
fig.  167. 

As  in  previous  similar  figures,  Bj  b,  are  the  brushes  ;  at  B|  the 
current  generated  in  the  armature  divides,  part  going  through  the 
shunt  coils  wound  on  the  lower  parts  of  the  limbs  of  the  field- 
magnet  and  thence  returning  to  the  brush,  b,.  The  remainder 
passes  through  the  external  circuit  r,  then  round  the  series  coils 
on  the  upper  part  of  the  field-magnet,  and  thence  to  the  brush,  B|. 
'ITie  shunt  coils  ar**  wound 
with  comparatively  fine 
wire,  but,  of  course,  the  re- 
sistance of  the  series  coils 
must  be  kept  very  low  aA 
they  carry  the  main  current, 

and    they    are   composed,       ^^       ^^  ^  ^  d 

therefore,  of  a  few  turns  of  ^  ^         ^^  ^  ^ 

very  thick  wire.  The  rela- 
tive positions  of  the  two 
sets  of  coils  is  not  always 
that  shown,  the  seriea  cpil 

being  sometimes  wound  outside  and  sometimes  inside  the  shunt 
coil ;  but  this  not  very  important  point  is  decided  by  convenience 
in  construction  rather  than  by  theory. 

To  render  the  path  of  the  current  even  more  easily  understood, 
fig.  168  is  added  ;  r  is  the  external  circuit,  d  the  armature,  s  the 
shunt  coil,  and  p  the  series  coiL 

In  practice  so  successful  are  designers  and  manufacturers,  that 
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it  is  not  linGommon  to  find  a  machine  which,  when  driven  at  its 
proper  speed,  gives  a  straight  line  as  its  characteristic,  through  a 
range  of  loo  amperes  or  even  more. 

The  foregoing  method  is  the  one  commonly  adopted  fcr  com- 
pounding dynamos  to  give  a  constant  external  potential,  notwith- 
standing variations  in  the  external  circuit  We  shall  not  refer  to 
any  other  methods,  many  of  which  are  only  theoretically  possible, 
but  may  briefly  mention  some  interesting  experiments  of  the  Drs. 
Hopkinson  which  bear  somewhat  upon  this  point  They  discon- 
nected the  field-magnet  coils  of  a  certain  machine,  and,  having 
placed  'the  brushes  in  the  position  for  an  undistorted  field, 
connected  them  to  the  terminals  of  a  Siemens  dynamometer. 
Then,  when  the  armature  was  driven  at  1,380  revolutions  per 
minute,  the  current,  due  solely  to  residual  magnetism^  was  52 
amperes;  but  on  giving  the  brushes  a  slight  forv.'ard  lead,  the 
current  fell  almost  to  zero,  because  the  field  due  to  ^he  current  in 
the  armature  was 'then  opposing  that  maintained  by  the  residual 
magnetism.  But  when  a  backward  lead  was  given  to  the  brushes, 
the  polarity  of  the  armature  \i'as  shifted  round  so  as  to  enhance 
the  residual  magnetism  in  the  pole-pieces  ;  the  armature,  in  fiict, 
now  generated  its  own  field,  and  a  current  of  254  amperes  wa.s 
obtained.  Since  the  field  in  such  a  case  is  almost  proportional  to 
the  current  Rowing  in  the  armature,  which  increases  as  the  external 
resistance  falls,  such  an  arrangement  would  regulate  for  constant 
potential ;  but  it  is  not  practicable  owing  to  the  destructive  sparking 
which  arises  in  consequence  of  the  coils  being  short-circuited  by 
the  brushes  while  fairly  active. 
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CHAPTER  X. 

DIRECT   CURRENT  DYNAMOS — €Ontinued. 

Wk  will  now  illustrate  and  describe  some  of  the  best  modem 
direct-current  dynamos,  selecting  only  such  as  are'  of  first-class 
design  and  construction,  and  directing  attention  in  each  case  to 
those  details  which  are  likely  to  prove  most  instructive  in  showing 
how  theoretical  principles  are  applied,  and  how,  in  practice, 
mechanical  and  economical  considerations  sometimes  cause  a 
deviation  from  forms  which  a  narrow  theory  might  show  to  be  the 
best. 

The  student  is  recommended  to  pay  (>articular  attention  to  the 
methods  adopted  for  securing  mechanical  strength  and  durability. 
It  may  be  observed,  for  example,  that  it  is  quite  as  important  to 
prevent  the  conductor  being  stripped  from  an  armature,  as  tO' 
efficiently  insulate  iL  Again,  while  a  waste  of  power,  such  as  is 
evidenced  by  the  heating  of  the  iron  core  by  eddy  currents,  is  to  be 
deprecated,  any  waste  which  shows  itself  in  such  a  manner  as  the 
undue  heating  of  bearings  is  equally,  or  even  more,  to  be  avoided* 
In  both  case^  the  power  applied  to  the  shaft  is  wasted — in  the 
former  case  after,  and  in  the  latter  case  before,  it  has  been  trans- 
formed into  electrical  power. 

Fig.  169  illustrates  a  dynamo  constructed  by  Messrs.  W.  T. 
Goolden  &  Co.,  the  armature  being  of  the  Gramme  ring  ^  type, 
and  the  field  produced  by  an  inverted  horse-shoe  piagnel;  This 
particular  machine  is  compound:WOund,  and  the  arrangement  is 
therefore  similar  to  that  depicted  in  fig.  167.  -A  ver^ipal  section  of 
the  machine  at  right  angles  to  the  shaft  is  given  in  fig.  170.  Hie 
bed-plate  b  ot  cast-iron  and  .  includes  a  solid  piece,  D,  in  the 
centre,  directly  under  the  armature  and  field-magnet,  to  form  the 

1  The  core  of  this  type  of 'armature  ia  now  niado  much  longer  than  foniwriy 
and  the  arauUuro  is  frcciuently  and  more  aptly  called  a  cylinder  armaturob 


3i8 


Electrical  Engineering 


CHAP  X. 


Goolden  Dynamo 


319 


yoke  of  the  latter.  But  wrought-iron  is  employed  for  the  actual 
cores  round  which  the  field-magnet  coils  are  wound,  each  core, 
WW,  consisting  of  a  slab  of  special  soft  hammered  scrap-iron  ; 
thus  giving  the  advantage,  previously  referred  to,  of  economising 
copper  wire,  by  obtaining  the  requisite  magnetic  conductivity 
with  the  minimum  sectional  area.  The  pole-pieces  are  of  grey 
cast-iron,  and  the  .sectional  area  of  all  the  cast-iron  portions  is 

Fig.  170. 


sufficiently  increased  to  compensate  for  the  lower  permeability  as 
compared  with  that  of  the  excellent  iron  forming  the  core.  It  is, 
however,  evident  that  as  the  lines  of  force  begin  to  pass  into  the 
armature  from  the  bottom  of  the  pole-pieces,  fewer  lines  pass 
through  the  upper  part  of  it  than  through  the  lower,  and  conse- 
quently there  is  no  advantage  in  having  the  iron  of  the  same 
thickness-  throughout      The  pole-pieces,   pp,  are  therefore  so 
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shaped  that  they  taper  away  towards  the  horns  at  about  the  same 
rate  that  the  number  of  lines  of  force  passing  through  them 
diminishes  in  consequence  of  the  lines  leaving  at  the  various 
portions  of  the  face,  thus  giving  the  same  magnetic  density 
throughout.  Two  long  bolts  pass  through  each  of  the  pole-pieces 
and  the  wrought-iron  cores,  screwing,  at  their  lower  extremities, 
into  the  solid  portion  of  the  bed-plate  which  forms  the  yoke- 
•piecc,  and  thus  holding  these  parts  firmly  together.  The  coils  are 
wound  so  as  to  leave  a  space  between  the  wire  and  the  outer  face 
of  the  wrought-iron  core,  as  shown  vX  a  a  in  the  figure,  forming 
thereby  a  very  effective  means  of  ventilation,  for  as  the  wire  gets 
warm  its  heat  is  imparted  to  the  air  inside  this  space,  and  this  air 
rising,  a  constant  circulation  is  maintained  and  the  heat  carried 
off  by  a  steady  draught  of  cold  air. 

The  series  winding  consists  of  twenty-five  convolutions  of 
copper  strand,  composed  of  nineteen  No.  15  wires  (standard  wire 
gauge),  a  stranded  conductor  being  much  more  flexible  than  a  solid 
tone,  although  it  occupies  a  little  more  space.    Over  this  is  wound 


the  shunt  coil,  which  consists  of  2,712  turns,  its  resistance  being 
20-6  ohms.  In  order  to  afford  a  means  of  obtaining  this  resist- 
ance with  this  particular  number  of  convolutions,  two  sizes  of 
wire  are  employed— viz.  Nos.  15  and  16,  s.w.c— the  respective 
lengths  of  these  two  wires  being  adjusted  to  satisfy  the  conditions. 
The  con>plete  armature  is  shown  in  fig.  171.  The  core  con- 
sists of  a  number  of  very  thin  flat  rings  of  well-annealed  charcoal 
iron,  as  shown  at  d  in  the  sectional  view  (fig.  170).  The  outer 
diameter  of  the  ring  or  disc  is  iij  inches,  and  its  inner  diameter 
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9|  inches.  Four  rectangular  notches  are  cut  out  of  each  disc,  at 
equal  distances  round  the  inner  edge  ;  a  sheet  of  thin  paper  insu- 
lates each  disc  from  its  neighbours,  the  whole  of  them  being  held 
tightly  together  by  two  rigid  end-plates.  Upon  the  Bessemer  steel 
shaft  B  is  keyed  a  gun-metal  spider,  s,  having  four  radial  arms,  its 
length  along  the  shaft  being  equal  to  that  of  the  finished  core, 
and  the  extremities  of  the  arms  fitting  accurately  into  the  notches 
in  the  discs  Thti  .student  will  remember  the  necessity  for  avoid- 
ing, as  far  as  possible,  the  use  of  iron  in  the  interior  of  a  (sramme 
ring,  and  will  therefore  understand  the  -reason  for  making  the 
spider  of  gun-metal.  It  should  also  be  borne  in  mind  that  although 
it  is  absolutely  necessary  to  efficiently  insulate  the  thin  plates  into 
which  the  core  is  divided,  yet,  in  consequence  of  the  thinness  of 
the  discs,  the  spare  occupied  by  the  insulation  forms  a  consider- 
able portion  of  the  whole,  whence  the  magnetic  resistance  is  pro- 
portionally-increased. In  this  particular  case,  80  pet  cent,  of  the 
core  consists  of  iron  and  the  rest  of  paper. 

The  armature  conductor  consists  of  cotton -covered  cop|jer  wire 
of  No.  9  standard  >Yire  gauge,  lying  round  the  core  in  one  layer 
and  offering  a  resistance,  from  brush  to  brush,  of  0*048  ohm. 

There  arc  two  convolutions  in  each  section,  the  adjacent  ends 
of  neighbouring  convolutions  being  soldered  to  radial  lugs  pro- 
jecting from  the  commutator  bar?,  as  shown  in  fig.  171. 

There  are  152  such  sections,  and,  consequently,  sevei  ty-six 
bars  in  the  commutator,  these  bars  being  of  hard  drawn  copper 
insulated  from  each  other  by  mica  strips  075  mm.  in  thickness. 
Mica  is  almost  the  only  material  now  used  for  this  purpofte,  for 
which  it  is  eminently  suitable,  because  of  its  excellent  insulating 
properties,  its  great  durability,  and  its  practically  perfect  cleavage, 
in  consequence  of  which  it  can  be  procured  of  anv  desired 
thinness. 

As  the  length  of  conductor  parallel  to  the  shaft  is  considerable, 
there  is  a  risk  of  its  bulging  out  when  rotated  at  a  high  speed,  a 
tendency  which  would  be  assisted  by  the  rise  in  temperature  and 
consequent  expansion  of  the  wire,  caused  by  the  current  itself. 
Any  such  bulging  out  or  stripping  of  the  conductor  is  prevcnttti 
by  binding  the  armature  with  several  turns  of  fine  strong  wire  in 
three  places,  as  shown  in  fig.  171. 

Y 
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The  speed  of  the  machine  is  1,050  revolutions  per  minute,  at 
which  it  is  capable  of  giving  a  current  of  75  amperes,  with  an  E.M.P. 
at  its  terminals  of  100  volts. 

The  brushes  consist  of  flat  tough  copper  strips,  Axed  in  adjust- 
able holders,  which  are  carried  by  the  horizontal  arms  projecting 
from  the  rocking  lever,  as  shown  in  fig.  169.  This  lever  is  pro- 
vided with  an  insulating  handle,  by  means  of  which  it  can  be 
rotated  in  either  direction  round  the  axis  of  the  shaft,  thus  afford- 
ing facilities  for  altering  the  lead  of  the  brushes  to  suit  the  require- 
ments. It  is  carried  on  a  projection  from  the  standard  supporting 
the  bearing,  and  is  made  in  two  pieces  bolted  together,  so  that  it 
can  Ije  readily  tightened  up  on  its  bearing,  or,  if  necessary^ 
removed.  The  horizontal  arms  are  insulated  from  the  lever  by 
hard  fibre  collars  ;  and  spiral  springs,  with  adjusting  screws,  are 
provided  for  varying  the  pressure  of  the  brushes  on  the  commutator, 
the  pressure  being  always  as  light  as  is  consistent  with  reliable 
contact 

The  brushes  are  shown  lifted  from  the  commutator ;  and  it  will 
be  observed  that  they  can  b^  adjusted  along  the  bars,  so  as  to 
press  upon  different  parts  when  the  machine  is  running,  and 
thereby  distribute  the  wear.  The  commutator  is  turned  up  per- 
fectly true  in  a  lathe  with  a  fine  tool  which  cuts  the  copper 
cleanly  and  docs  not  drag  or  burr  it  over  the  mica  strips. 

The  shaft -bearings  are  of  phosphor  bronze,  and  the  rim  of  the 
pulley  is  perforated  to  afford  a  better  grip  for  the  belt. 

Most  machines  are,  however,  now  made  of  the  drum  type,  ahd 
fig.  1 72  illustrates  a  drum-armature  dynamo  constructed  by  the  same 
makers.  The  general  proportions  of  the  field-magnets  are  some- 
what similar  to  those  of  the  machine  already  described,  but  the 
method  of  fixing  the  parts  together  differs.  The  two  vertical  bolts 
passing  through  each  of  the  pole-pieces  extend  only  about  half 
way  into  the  wrought-iron  cores.  Each  core  is  lengthened  a  little, 
and,  fitting  into  a  slot  in  the  cast-iron  bed-plate,  is  held  firmly  in 
position  by  two  horizontal  bolts  passing  through  the  solid  parts  of 
the  casting.  The  core  is  built  up  in  a  manner  somewhat  similar 
to  that  adopted  for  the  ring  machine,  but  the  radial  depth  of  the 
discs  is  somewhat  greater,  and  the  driving- spider  is  made  of  iron 
instead  of  gim -metal.     The  armature  conductor  is  composed  of 
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t\ro  No.  1 1  wires  wound  on  together  in  parallel,  and  the  resistance 
from  brush  to  brush  is  0*034 1  ohm.  Tne  commutator  has  eighty 
bars.  The  field-magnets  are  compound  wound,  the  series-winding 
comprising  sixty-six  turns,  each  of  which  consists  of  two  No.  6 
wires  in  parallel ;  and  the  shunt  coils,  which  are  wound  over  the 
series  coils,  contain  2,600  convolutions  of  No.  15  wire,  having  a 
resistance  of  15  ohms. 

\t  a  speed  of  1,180  revolutions,   a  current  of  85  amperes, 
with  a  potential  difference  of  80  volts  at  the  terminals,  is  delivered. 

•FicTxTa 


In  some  cases,  where  the  current  generated  is  very  heavy,  the 
active  conductor  consists  of  thick  copper  bars,  which  are  laminated 
to  reduce  thfe  eddies  in  them,  the  bars  being,  as  a  rule,  divided 
longitudinally  into  five  sections. 

These  dynamos  are  compounded  to  give  a  constant  potential 
when  driven  at  a  certain  speed,  but  for  cases  where  the  speed  b 
liable  to  variation,  and  where,  therefore,  a  compound  machine 
cannot  be  used,  but  where  a  constant  E.M.F.  or  a  constant 
current  is  required,  or  where  it  is  desired  to  maintain  a  constant 
current  although  the  externa'  resistance  varies,  an  automatic  me- 
chanical regulator  is  employed.  This  regulator  varies  the  strength 
of  the  field  by  altering  the  strength  of  thc^  current  flowing  through 
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the  field-magnet  coils.  A  set  of  resistance  coils  is  placed  in  series 
with  the  field-magnet  coils  of  a  shunt-wound  machine,  and  an 
arrangement  adopted  for  cutting  out  some  of  these  coils  when 
the  current  or  the  potential  difference  falls  too  low,  or  inserting 
more  of  them  when  it  becomes  too  high.  The  complete  set  of 
regulating  apparatus  is  shown  in  fig.  173.  The  resistance  coils, 
which  are  shown  at, the  lower  part  of  the  figure,  consist  of  spirals 
of  bare  iron  wire,  supported  by  a  wooden  frame  in  such  a  manner 
as  to  afford  great  facilities  for  cooling  when  heated  by  the  passage 
of  the  current  An  important  part  of  the  apparatus  is  the  large 
solenoid,  placed  with  its  axis  vertical.  If  it  is  desired  to  maintain 
a  constant  potential  under  varying  conditions,  this  solenoid  con- 
sists of  many  turns  of  fine  copper  wire,  the  two  wires  A  and  n, 
leading  from  its  terminals,  being  joined  to  the  brushes  of  the 
dynamo.  An  iron  core,  suspended  by  a  spiral  spring,  projects  a 
short  distance  into  the  upper  portion  of  the  solenoid.  When  the 
potential  rises  the  current  increases  and  sucks  this  core  further 
down ;  while  a  fall  of  potential  allows  the  antagonistic  spiral  spring 
to  withdraw  the  core  a  little.  From  the  upper  portion  of  the  core 
projects  an  arm,  its  end  playing  between  two  light  wheels  which 
are  rigidly  fixed  on  a  common  vertical  spindle,  this  spindle  having 
a  small  amount  of  end-play.  The  tension  of  the  spring  is  so  ad- 
justed that  when  th^  potential  is  at  the  required  value  the  upper 
wheel  just  rests  upon  the  arm  projecting  from  the  core,  and  both 
wheels  are  kept  clear  of  a  small  rubber-faced  disc  on  the  end  of  a 
short  horizontal  shaft,  which  is  driven  by  a  belt  from  the  main 
shafting.  If,  on  account  of  a  rise  in  the  potential,  the  core  with 
its  projecting  arm  is  sucked  do^vn,  the  two  light  wheels  drop,  and, 
the  upper  one  engaging  with  the  rubber  disc,  is  rapidly  rotated. 
A  screw  thread  is  cut  in  the  vertical  spindle  some  little  distance 
below  the  wheels,  and  on  it  is  a  rather  long  screw-nut  which  is 
prevented  rotating,  and  which,  therefore,  travels  up  or  down  accord- 
ing to  the  direction  of  rotation  of  the  vertical  spindle,  A  flat 
spring  projects  from  this  nut  its  end  passing  over  a  set  of  contact 
pieces  to  which  are  connected  the  \'arious  resistance  coils,  one  end 
of  the  series  of  coils  bemg  joined  to  the  upper  contact  piece,  and 
the  other  end  direct  to  the  vertical  spindle  and  screw  nut,  which 
are  also  in  connection  with  the  terminal  b.     The  arrangement' is  - 
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such  that  the  motion  imparted  to  the  spindle,  due  to  an  increase 
of  E.M.F.,  moves  the  flat  spring  in  the  direction  which  throws  more 
resistance  in  series  with  the  field-magnet  coils,  while  if  the  core  is 
moved  upwards,  the  lower  wheel  engages  with  the  friction  disc 
and  rotates  the  spindle  in  the  reverse  direction,  reducing  the 
resistance  in  the  field-magnet  circuit. 

The  solenoid  is  subject  to  the  same  heating  error  as  a  volt- 
meter, and  to  minimise  this  it  is  more  frequently  wound  with 
fairly  thick  wire,  the  temperature  of  which  rises  but  little,  and  the 
necessary  resistance  is -obtained  by  joining,  in.  series  with  it  Ger- 
man silver  coils,  which  have  a  lower  temperature  coefficient,  and, 
being  left  bare,  dissipate  heat  readily.  Wheathe  apparatus  is  re- 
quired to  maintain  a  constant  current,  the  solenoid  is  wound  with 
thick  wire,  and  is  joined  up  directly  in  the  main  circuit ;  the  rise 
and  fall  of  the  main  current  which  passes  through  it  acting  in  the 
same  way  as  a  rise  and  fall  of  potential  at  its  ends.  The  small 
horizontal  shaft  is  driven  at  about  400  revolutions  per  minute,  and 
the  nut  carrying  the  contact  spring  can  then  travel  over  the 
whole  range  in  about  ten  or  twelve  seconds.  The  flat  spring  is  so 
broad  that  the  circuit  is  never  broken  during  the  movement  of  the 
spring,  and  a  large  number  of  coils  is  employed  in  order  that  the 
increase  or  decrease  of  the  resistance  shall  take  place  gradually. 
The  weak  point  about  the  apparatus,  as  depicted  in  fig.  173,  is  the 
means  adopted  for  imparting  circular  motion  to  the  light  wheels ; 
for,  although  the  friction  between  the  rubber  disc  and  the  wheel 
rim  is  at  first  quite  sufficient,  it  becomes  uncertain  and  unreliable 
if  the  rubber  gets  dirty  or  covered  with  oil.  To  overcome  this 
difficulty  an  entirely  different  gearing  has  been  adopted  in  the 
later  apparatus,  the  essential  parts  of  which  are  shown  in  fig.  174. 
R  is  the  contact  spring,  carried  by  the  nut  N,  working  upon  the 
screw  shaft  g,  up  and  down  which  the  nut  travels  according  to  the 
direction  in  which  the  screw  is  turned.  The  screw  forms  the 
lower  part  of  the  vertical  spindle  f  c,  upon  the  upper  part  of 
which  is  fixed  a  pin-wheel  a,  that  is,  a  flat  disc  having  a  number 
of  pins  fixed  parallel  to  its  axis  at  ec]ual  distances  round  its  cir- 
cumference. Behind  the  spindle  and  parallel  to  the  plane  of  the 
disc  are  two  endless  screws  d,  f^  the  upper  one  being  at  the  end  of 
the  shaft,  which  is  driven  by  n  l)cU  on  the  pulley  J\     By  means  of 
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the  equal  spur  wheels  h  and  K,  the  lower  shaft  is  driven,  at  the 
kame  velocity  as  the  upper  one,  but  in  the  opposite  direction. 
The  arm  projecting  from  the  top  of  the  cofe  of  the  solenoid  is 
pivoted  at  c,  and  forked  from  the  point  b,  the  adjustment,  as 
before,  being  such  that  when  the  current  or  potential  is  at  its 
proper  value,  the  pin-wheel  rests  on  the  extremities  of  the  fork, 
just  midway  between  the  two  revolving  screws.  Any  movement  of 
the  core  raises  or  lowers  the  supporting  arm,  thus  lifting  the  pin- 
wheel  or  aUowing  it  to  fall,  so  that  the  pins  then  gear  either  with 
the  upper  or  the  lower  screw,  and  communicate  a  circular  motion 
to  the  vertical  spindle,  in  the  one  direction  or  the  other  as  the 
case  may  be. 

Within  certain  limits,  the  E.M.F.  or  current  which  the  regulator 
maintains  can  be  varied  by  altering  the  tension  of  the  spiral  spring 

Fig.  174. 


(fig.  lyj),  and  as  this  spring  is  a  very  important  factor  in  the 
smooth  working  of  the  apparatus,  considerable  care  is  exercised  in 
selecting  it  In  order  to  render  the  core  perfectly  astatic,  resting 
decidedly  in  any  required  position,  it  is  necessary  for  the  pull  of 
the  solenoid  on  the  core  and  the  antagonistic  pull  of  the  spring  to 
balance  each  other,  length  for  length,  throughout  the  whole  of 
the  space  travelled  by  the  core — that  is  to  say,  suppose  it  ex- 
periences a  sucking  force  which  move«  it  two  centimetres  inwards, 
against  the  spring,  the  force  of  suction  on  the  core  in  this  new 
position  must  be  greater  by  exactly  the  same  amount  that  is  neces- 
sary to  extend  the  spring  two  centimetres.     I'his  rather  difficult 
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adjustment  is  so  successfully  accomplished  that  the  core  is  per- 
fectly astatic,  gliding  to  any  new  position  immediately  the  current 
changes,  and  floating  there  without  any  oscillation. 

The  *  Phoenix '  dynamo  is  made  by  Messrs.  Paterson  &  Cooper, 
and  in  two  distinct  forms,  according  to  the  circumstances  under 
which  the  machine  is  to  be  employed.     Where  lightness  of  con- 

FiC  t75. 


.struction  is  imperative  the  field-magnets  are  made  of  wrought- 
iron,  but  where  the  weight  becomes  a  matter  of  secondary  import- 
ance cast-iron  is  used,  its  lower  permeability  being  compensated 
for  by  using  about  two  and  a  half  times  the  amount  of  metal.  The 
first  of  these  machines,  in  which  the  aim  has  been  to  obtain  a 
comparatively  great  electrical  output  for  a  minimum  weight,  is 
illustrated  in  fig.  175. 

The  field-magnet  and  bed^plate  are  the  parts  of  the  machine 
i\\  vrhich  the  greatest  reduction  in  weight  can  be  made,  and  the 
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skill  of  the  designer  is  shown  in  the  manner  in  which  this  is 
accomplished  without  increasing  the  'magnetic  resistance'  or 
diminishing  the  mechanical  strength. 

The  field-magnet  is  of  the  horse-shoe  shape,  fixed  with  the 
|)oles  upi)ermost.  Jt  is  made  of  a  single  massive  wrought-iron 
forging,  which  is  slotted  out  to  form  the  two  limbs,  sufficient  metal. 
1)eing  left  at  the  bottom  to  form  a  substantial  yoke.     The  space 

Fig.  176. 


in  which  the  armature  revolves  is  then  bored  out.  It  will  thus  be 
seen  that  there  is  no  break  in  the  magnetic  circuit,  whil^  being  of 
wroiight-iron,  the  magnetic  resistance  is  very  low.  Two  cast-irot\ 
angle-pieces,  which  receive  the  foundation  bolts,  are  bolted  on  to 
the  yoke.  The  bobbins  on  which  the  field-magnet  colls  are  wound 
are  made  of  sheet-iron,  with  brass  flanges,  and  are  slipped  over 
the  limbs  after  the  wire  has  been  wound. 

Two  very  strong  gun-metal  brackets  are  then  bolted  to  the 
pole-pieces,  for  the  purpose  of  carrying  the  armature  bearings* 
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which  are  of  white  metal,  the  whole  forming  a  machine  mechani- 
cally strong,  but  of  comparatively  little  weight.  It  need  hardly  be 
said  that  this  construction  is  expensive,  and  would  not  be  warrant- 
able in  cases  where  there  is  a  solid  foundation  available  and  where 
a  little  extra  weight  is  immaterial.  Fig.  176  illustrates  a  machine 
designed  for  use  in  such  cases,  a  section  through  the  field-magnets 
being  shown  in  fig.  ly.     JHere.the  field-magnets  are  of  cast-iron, 

but  of  greater  sectional  area. 
•Both. limbs  are  in  one  casting, 
being  connected  together  by 
the  rather  thin  piece  shown  at 
A«  This  casting  is  securely 
bolted  down  to  the  cast-iron 
bed-plate,  which,  directly  un- 
derneath the  field-magnet,  is 
solid  and  massive,  and,  together 
with  the  thin  connecting-piece 
A,  forms  the  yoke.  The  ter- 
minal board  is  fixed  across  the 
upper  ends  of  the  field-magnet 
cores.  The  bobbins  are  similar 
to  those  in  the  machine  pre- 
viously described,  but'the'armature  is  carried  on  vertical  cast-iron 
brackets  bolted  to  the  bed-plate.  In  the  machine  shown  the 
pulley  is  grooved  for  rope-gearing. 

The  brushes  are  made  of  soft  brass  wire,  and  in  the  wrought- 
iron  machine  each  brush  is  composed  of  four  independently 
adjustable  sections,  the  holder  rocking  round  an  extension  of  the 
gun-metal  bracket. 

The  commutator  consists  of  forty-eight  bars,  either  of  hard 
drawn  copper  or  gun-metal  castings,  insulated  with  mica.  Fig.  178  • 
gives  two  views  of  this  commutator,  th^  upper  half  in  each  case 
being  shown  in  section.  Upon  the  steel  shaft  p  Is  keyed  a  gun- 
metal  bush,  E,  with  a  rim  at  one  end  recessed  to  receive  the  pro- 
jections from  the  commutator  bars  b.  l*he  opposite  corner  of 
these  bars  is  shaped  to  fit  a  steel  ring,  c,  of  triangular  section, 
which  i£  held  tight  home  by  the  wrought-iron  washer,  d,  screwed 
on^to  the  gun- metal  bush.     The  Ixirs  are   insulated  from  each 


Phcfnix  Armature 


331 


other  by  means  of  mica,. and  from  the  bush  E  and  ring  c  by  sheets 
of  white  fibre,  indicated  by  the  thick  Knes  inthe  figure. 

The  armature. is  of  the  ring  type^  and' its  core  is  built  up  of  a 
number  of  thin  soft  iron  rings  .(d,  fig.  1^9),  insulated  by  paraffined 
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paper,  and  the  whole  firmly  clamped  /^gether  between  two  end 
frames  by  three  delta  metal  .bolt^,  b,  semicircular  pieces;  being 
stamped  out  of  the  ardn  rings  to  fit  these,  bolts.     A  gun-metal 
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spider  with  three  radial  arms,  g,  is  keyed  on  to  the  shaft  at  each 

end  of  the  core,  the  bolts  passing  through  their  extremities  as  at  f. 

One  size  of  the  machine  illustrated  in  fig.  1 76  has  an  output 

of  6,soo  watts  at  xoo  volts  (65  amperes)  when  driven  at  1,300 
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revolutions  per  minute.  It  is  compound  wound.  The  resistanre 
of  the  armature  is  0-03  ohm,  and  of  the  shunt  coil  20*68  ohms. 
the  series. turns  being  wound  inside  the  shunt  coil  and  having  a 
resistance  of  o*oi8  ohm.  From  these  figures  the.  student  can 
calculate  the  power  spent  in  the  various  portions  of  the  circuit 
when  the  maximum  current  of  65  amperes  is  flowing. 

Fic.  180. 


A  general  view  of  tne  dynamo  designed  by  Mr.  Gisbert  Kapp 
and  constructed  by  Messrs.  W.  H.  Allen  &  Co.  is  given  in  fig.  180. 
The  field-magnets  are  also  of  the.  inverted  horse-shoe  pattern, 
which,  it  should  be  mentioned,  Mr.  Kapp  was  the  first  to  use,  the 
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object  being  to  minimise,  as  far  as  possible,  the  magnetic  leakage, 
as  will  be  further  explained  presently.  The  armature  in  the  ma- 
t  hine  illustrated  is  of  the  ring  or  cylinder  type,  but  very  few  Kapp 
machines  are  now  made  with  this  class  of  armature.  The  drum 
and  ring  types  are,  however,  very  similar  in  external  appearance, 
the  chief  difference  being  that  due  to  the  greater  projection  of  the 
drum  armature  on  account  of  the  space  taken  up  by  the  cross- 
connections. 

Figs.  181  and  182  illustrate  many  details  of  a  recently-con- 
structed drum  machine,  the  former  being  a  longitudinal  section, 
and  the  latter  an  end  view,  half  in  section. 

Each  field-magnet  Umb,  f,  consists  of  a  single  slab  of  wrought" 
iron,  the  lower  end  of  which  fits  into  a  slot  in  the  cast-iron  bed- 
]>late.  The  bed -plate  is  solid  at  this  part,  and  the  vertical  limbs 
are  secured  in  position  by  t^vo  large  bolts  passing  through,  as 
shown  in  fig.  182.  The  pole-pieces  are  bored  out  circularly  to 
form  the  space  in  which  the  armature  is  to  revolve,  and  the  horns 
a  a  securely  pinned  on.  Upon  the  upper  horns  is  fixed  a  board 
B,  which  acts  as  a  cover  to  protect  the  armature.  The  field- 
magnet  coils  are  of  cotton-covered  copper  wre  and  are  wound  on 
frames  or  bobbins  of  thin  sheet  steel,  b  b^  insulated  with  \-arnished 
paper,  the  bobbins  being  slipped  over  the  cores  after  the  wire  has 
been  wound. 

The  construction  of  the  armature,  which  is  well-designed  and 
built  with  extreme  care,  is  shown  in  fig.  181.  h  is  a  cast-iron  hub, 
having  three  radial  arms,  w  ;  it  is  securely  keyed  on  to  the  steel 
shaft,  its  length  along  the  shaft  being  equal  to  the  length  of  the 
finished  core.  The  extremities  of  the  arms  are  planed  to  fit  into 
notches  in  the  core  plates,  c,  as  shown  in  fig.  183,  which  is  a 
section  through  the  armature  core  and  hub  taken  at  right  angles 
to  the  shaft.  The  core^  plates  ar^  of  thin  charcoal  iron,  and  be- 
tween them  at  equal  intervals  are  placed  three  pairs  of  thiclcer 
rigid  plates,  which  are  kept  a  little  distance  apart  by  pieces  of  hard 
fibre,  thus  affording  spaces  for  the  circulation  of  air  for  ventilating 
purposes.  The  plates  are  separately  well  varnished  and  then  built 
up,  and  while  under  high  pressure  between  temporary  end-plates, 
the  core  is  slotted  to  receive  the  arms,  w,  of  the  hub.  The  letter- 
ing  of  figs.  i8z  and  183  corresponds.     Li  the  former,  one  arm,  w, 
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is  shown  directly  below  the  shaft,  while  above  it  is  the  air-spn.cc, 
s,  between  the  other  two  arms. 

At  one  end  of  the  shaft  is  provided  a  solid  boss,  k,  and  against 
this  bears  a  cast-iron  plate,  p,  in  which  are  inlets,  d  d,  for  the 
passage  of  air.     The  core  is  held  between  p  and  a  similar  end-plate, 
R,  which  is  secured  by  a  steel  nut,  n,  screwed  on  to  the  shaft. 
Fig.  183.  The  ventilation  is  thus  most  effi- 

cient, for  the  air  can  enter  through 
each  end-plate  by  openings  similar 
to  n,  and  find  its  way  along'  the 
spaces,  s,  between  the  hub  and  core 
plates,  leaving  by  the  openings  be- 
tween the  rigid  plates  'previously 
referred  to. 

Before  being  wound  the  core  In 
turned  in  a  lathe  to  obtain  a  per- 
fectly cylindrical  and  smooth  sur- 
face. At  intervals  round  the  thicker 
plates  there  are  projections,  which  serve  to  drive  the  conductor 
and  prevent  its  being  stripped.  These  projections  arc  shown 
on  the  middle  pair  of  plates  in  fig.  181,  and,  in  addition  to  these 
horns,  the  completed  armature  is  bound  round  in  several  places 
with  thin  strong  wire  which  effectually  overcomes  any  tendency 
towards  bulging  or  stripping. 

There  are  204  active  conductors  round  the  periphery  of  the 
armature,  each  consisting  of  a  straight  strip  or  bar  of  copper, 
o"02i5  sq.  in.  in  sectional  area,  insulated  with  a  double  cotton 
covering.  They  project  to  different  distances  over  the  edge  of 
the  core,  and  are  soldered  to  the  ends  of  peculiarly  shaped  copper 
strips  which  form  the  cross  connections. 

One  of  these  connecting  strips  is  shown  in  fig.  184.  It  is  a 
stamping  of  sheet  copper  and  forms  almost,  but  not  quite,  a  semi- 
circle, because  it  is  required  to  extend  round  the  end  of  the 
armature  just  far  enough  to  connect  two  bars  which  are  almost  at 
opposite  extremities  of  a  diameter.  The  connector  is  placed  with 
its  plane  parallel  to  the  plane  of  the  core  discs,  and  the  two  small 
end-pieces  or  tags,  e  e,  are  bent  round  at  the  part  shown  by  the 
dotted  lines  until  they  are  at  right  angles  to  the  other  portion  of  the 
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Strip  The  ends  of  the  two  conductors  which  are  to  be  joined  toge- 
ther are  soldered  to  these  pieces  {f  e\  In  fig.  i8t  the  conductor 
A  is  connected  to  the  tag  e.  Each  section  of  the  armature  consists 
of  two  convolutions,  that  is,  four  active  conductors,  and  the  cross 
connectors  occupy  a  compar;  tively  small  space,  a  section  through 
the  whole  of  them  being  shown  at  l  l.  .Over  the  shoulder  of  each 
end-plate  is  fixed  a  cast-iron  ring,  t,  with  a  wide  deep  groove  In 
which  the  connectors  are  placed,  each  well 
insulated  by  being  over-wound  with  tape 
treated  with  shellac  varnish.  There  are 
fifty-one  bars  in  the  commutator,  and  the 
method  of  holding  them  in  position  is  shown 
in  the  longitudinal  section.  They  have  two 
square  notches,  into  which  fir  rings  of  hard 
vulcanised  fibre,  the  sections  through  which 
are  shown  black  in  the  figure,  and  it  will  be 
observed  that  there  is  a  deep  groove  on  the 
outer  side  of  each  ring.  A  gun-metal  sleeve 
is  keyed  on  to  the  shaft,  one  end  fitting 
into  the  groove  of  o»e  insulating  ring,  while 
a  thread  is  cut  round  the  other  end  for  a 
hut,  which,  when  screwed  up  home,  presses 
a  gun-metal  ring  into  the  groove  of  the 
other  fibre  ring.  The  commutator  bars  are 
insulated  from  each  other  by  mica,  and 
each  brush  is  divided  into  two  indepen- 
dently adjustable  parts,  this  being  a  better 
arrangement  than  one  wide  brush, 'which  would  probably  wear 
unevenly  and,  in  consequence,  cause  a  considerable  variation  in  the 
aipount  of  surface  contact.  Th'($  sectional  view  also  shows  the 
manner  in  which  the  rocking  bar  is  carried  round  a  groove  at  the 
end  of  the  cast-iron  standard,  and  the  fixing  of  the  horizontal 
brush  spindles,  which  are  insulated  from  the  rocking  bar  by  hard 
wood  collars.  Various  other  mechanical  details  are  set  forth  in  the 
drawings,  but  perhaps  it  should  be  mentioned  that  the  radial  lines 
round  the  outer  edge  of  the  armature  in  fig.  182  indicate  the  edges 
of  the  small  pieces,  e  t^  of  the  connectors. 

This  madiine   is   shun^woynd,  and, .  when   driven  at  680 
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revolutions  per  minute,  develops  an  E.M.F.  of  xao  volts,  its 
maximum  output  being  12,000  watts.  The  resistance  of  the  ar- 
mature when  cold  is  0*045  ^^"^  ^^^  ^^  ^^^  shunt  coib  40*9  ohms. 

llift  sectional  area  of  the  iron  in  the  armature  core  is  58  sq. 
m.,  and  the  maximum  magnetic  induction  through  it  is  20  Kapp 
lines,  while  the  sectional  area  of  each  limb  of  the  field-magnet  is 
67*5  sq.  in.  and  the  magnetic  induction  through  them  12  Kap)) 
lines. 

The  unit  of  magnetic  induction  here  referred  to  was  introduced 
by  Mr.  Kapp,  who  considered  it  more  suitable  for  practical  ])ur- 
poses  than  that  based  on  the  c.c.s.  system.  One  Kapp  line  is 
equal  to  6,000  CG.s.  lines,  and  the  unit  of  area  is  taken  as  the 
square  inch  instead  of  the  square  centimetre.  This  departure  is, 
perhaps,  in  some  respects,  unfortunate;  but  the  method  will 
probably  survive,  as  it  is  already  used  by  the  majority  of  English 
^manufacturers.  The  conversion  from  one  system  to  the  other  can, 
of  course,  be  accomplished  without  much  labour,  remembering' 
that  one  square  inch  contains  about  6*45  square  centimetres. 

Therefore  the  magnetic  induction  through  the  armature  core 
above  referred  to  is  about  18,600,  and  that  through  the  field- 
magnet  IT,  100  CG.s.  units. 

Many  forms  of  dynamo  machmes  have  been  introduced  by 
Mr.  Edison.  In  some  of  the  earlier  ones  the  field-magnets  con- 
sisted of  a  number  of  straight  electro- magnets  of  circular  section, 
divided  into  two  sets,  terminating  in  a  pair  of  massive  pole-pieces, 
•  between  which  the  armature  revolved.  I'his  form  of  construction 
was  essentially  bad,  on  account  of  the  large  amount  of  wire  re- 
quired as  compared  with  the  mass  of  iron  in  the  cores,  for  the 
most  economical  form  in  this  respect  is  a  single  circular  core. 

Since  the  laws  which  govern  dynamo  construction  have  become 
better  understood,  Edison's  field-magnets  have,  of  course,  be^n 
provided  with  single  massive  cores ;  but  in  England  the  great  im- 
provement made  on  the  machine  was  due  to  Dr.  Hopkinson,  and 
in  fig.  185  is  illustrated  the  latest  form  of  the  'Edison-Hopkinson' 
dynamo.  It  differs  from  the  machines  already  described  in  that 
the  armature  is  placed  at  the  lower  ends  of  the  field-magnet  cores, 
an  arrangement  which  at  one  time  was  frequently  employed,  but 
which  has  the  disadvantage  that  the  iron  bed-plate  more  or  less 
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magnetically  short-circuits  the  pole-pieces,  and  affords  a  path 
through  which  some  of  the  lines  of  force  leak,  instead  of  passing 
through  the  armature.  On  the  other  hand,  there  is  the  advantage 
that  the  centra  of  gravity  of  the  moving  parts  is  keptjow,  thus 


Fic.  185. 


adding  to  the  stability  of  the  machine,  and  also  in  some  cases 
affording  facilities  for  driving  direct  from  a  steam-engine  fixed  upon 
the  same  bcd-platc.     In  the  machine  under  notice  this  leakage  is 
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reduced  by  interposing  a  massive  slab  of  zinc  between  the. pole- 
pieces  and  bed-plate,  as  in  fig.  185,  We  will  endeavour  presently 
to  see  to  what  extent  this  is  successful. 

Each  of  the  circular  field-magnet  cores,  together  with  its  pole- 
piece,  is  a  single  forging  of  wrought-iron ;  the  yoke  is  also  of 
wrought-iron,  rectangular  in  shape  and  very  massive ;  it  is  secured 
to  the  cores  by  two  bolts,  and  great  care  is  taken  to  make  the  sur- 
faces in  contact  fit  truly,  so  as  to  avoid,  as  far  as  possible,  the 
introduction  of  any  magnetic  resistance.  The  armature-shaft 
hearings  are  carried  by  short  cast-iron  standards  bolted  on  to  the 
bed-plate.  The  armature  is  drum-wound,  and  its  core  is  built  up 
of  thin  discs,  insulated  with  paper,  and  threaded  on  to  the  steel 
shaft.  Two  thick  stiff  end-plates  hold  the  core-discs  in  position, 
one  bearing  against  a  washer  which  is  shrunk  on  to  the  shaft, 
while  the  other  is  driven  up  tight  by  a  large  nut.  There  are  forty 
sections  in  the  armature,  each  of  one-  convolution,  and  the  con- 
ductor consists  of  thick  copper  bars,  the  cross-connections  being 
made  with  stiff  copper  strips.  These  strips,  the  outer  set  of  which 
can  be  seen  in  the  figure,  are  led  round  spirally  to  the  segments 
of  the  40- bar  commutator  in  such  a  manner  that  a  coil  whose 
plane  is  vertical  is  connected  to  segments  which  lie  near  the  hori- 
zontal, and,  consequently,  the  diameter  on  which  the  brushes  are 
set  is  nearly  parallel,  instead  of  at  right  angles,  to  the  direction  of 
the  lines  of  force  through  the  armature. 

The  machine  illustrated  is  shunt-wound,  the  wire  composing 
the  field-magnet  coils  being  rectangular  in  section,  thus  reducing 
the  waste  space  between  the  adjacent  convolutions.  The  terminals 
of  the  machine  are  fixed  on  the  pole-cheeks,  and  the  marked  dif- 
ference in  the  size  of  the  massive  conductor  which  carries  the 
whole  current  from  the  brush-bar  to  the  terminal,  compared  with 
the  thinner  shunt  wire,  will  be  observed.  When  driven  at  475 
revolutions  per  minute,  this  machine  is  capable  of  developing 
52,500  watts  (105  volts,  500  amperes),  and  on  account  of  the  ex- 
tremely low  resistance  of  the  armature,  it  is  practically  self-regu- 
lating through  a  considerable  nuij:e.  ELach  brush  is  divided  into 
h\^  sections,  all  adjustable  independently,  and  by  this  means  a 
HuflRcicntly  large  bearing  surface  upon  the  commutator  is  obtained 
without  introducing  any  diflficulty  in  compensating  for  uncf]ual 
wear,  such  as  would  arise  if  one  undivided  brush  were  employed. 
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This  type  of  dynamo  is  additionally  interesting  from  the  fact 
that  it  has  been  carefully  studied  and  tested  by  the  Dra.  Hopkin- 
8on,  the  results  having  been  published  in  various  papers.  The 
object  was  {a)  to  endeavour  to  gain  such  information  as  would 
enable  the  performance  of  a  dynamo  to  be  predicted,  when  its 
configuration  and  the  various  dimensions  and  qualities  of  the 
material  employed  (especially  the  iron)  are  known  ;  and  therefore 
{h)  to  enable  any  machine  desired  to  give  certain  results  at  a 
certain  speed,  to  be  designed  with  the  greatest  accuracy. 

We  know  that  in  every  machine  the  magnetising  force  required 
to  develop  the  field  in  which  the  armature  rotates  is  always  in 
excess  of  that  usefully  employed  ;  or,  in  other  words,  more  lines  of 
force  are  generated  than  actually  pass  through  the  armature  core, 
the  difference  being  caused  by  lealoige  at  various  points. 

We  will  briefly  describe  one  portion  of  the  experiments  with 
the  view  of  enabling  the  student  to  better  judge  of  the  amount 
and  locality  of  such  leakage  in  any  given  machine. 

The  portion  of  the  experiments  referred  to  consisted  in  the 
first  place  of  determining  exactly  the  ratio  of  lines  of  force  actually 


Fig.  1 66. 
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generated,  to  the  lines  passing  through  the  armature  core.  This 
ratio  ¥rill  of  course  always  be  greater  than  unity,  and  may  be 
denoted  by  v. 

In  fig.  1 86,  a  machine  with  rectangular  cores  is  shown  in 
section,  and  lines  of  force  are  sketched  to  roughly  indicate  the 
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principal  paths  of  the  leakage.  Some  of  the  lines  pass  directly 
firohi  one  limb  to  the  other,  others  leak  out  of  the  yoke  to  the 
pole -pieces,  while  many  pass  through  the  arched  slabs  of  xinc 
(on  which  the  pole-pieces  rest),  down  into  the  iron  bed-plate. 

We  have  previously  mentioned  that  it  is  possible  to  compare 
the  number  of  lines  of  force  cutting  or  cut  by  a  coil  of  wire  in 
two  OL  more  given  fields,  by  placing  a  galvanometer  in  circuit 
with  the  coil  and  observing  the  deflections.  As  the  resulting 
E.W.F.  is  usually  comparatively  low,  the  galvanometer  must  be 
a  delicate  one,  and  it  is  usual  to  employ  one  in  which  a  short 
strongly  magnetised  needle  is  suspended  by  a  silk  fibre  inside  a 
coil  of  many  turns,  the  deflections  of  the  needle  being  made  evi- 
dent by  the  movement  of  a  beam  of  light  reflected  on  to  a  scale 
by  a  small  mirror  fixed  to  the  magnet  But  in  such  a  test  it  is 
necessary  that  the  needle  shall  nut  begin  to  move  or  change  its 
position  until  the  whole  of  the  brief  current  has  actually  passed 
through  the  coil,  and  U  is  preferable  to  make  the  needle  short 
and  somewhat  heavy,  avoiding  as  far  as  possible  the  introduction 
of  any  damping  effect  The  number  of  divisions  on  the  scale  tra- 
velled over  by  the  l)eam  of  light  may  then  be  taken  as  proportional 
to  the  E.M.F.  developed,  and  therefore  to  the  number  of  lines 
of  force  cut 

In  the  experiments  under  notice  a  current  of  5*6  amperes  was 
maintained  through  the  field-magnet  coils,  from  a  battery,  the 
armature  being  disconnected.  A  single  convolution  of  wire  was 
then  wound  round  the  middle  of  one  limb  as  at  b,  the  ends  of  this 
wire  being  joined  to  an  instrument  such  as  that  just  referred  to, 
and  known  as  a  ballistic  galvanometer.  The  needle  being  at  rest, 
the  field-magnet  coils  were  short-circuited,  thus  suddenly  stop- 
ping the  current  in  them,  and  the  lines  of  force,  in  collapsing,  cut 
the  single  turn  of  wire  and  induced  a  current  therein,  which, 
passing  through  the  galvanometer,  deflected  the  beam  of  light  for 
a  momer.t  The  needle  having  again  settled  itself  steadily  at  zero, 
the  short-circuiting  connection  i^as  removed,  thus  once  more 
suddenly  passing  the  current  through  the  magnet  coils.  The  lines 
of  force  in  springing  outwards  again  cut  the  single  coil,  inducing  a 
current  which  deflected  the  needle  to  an  almost  equal  extent,  but 
in  the  opix>site  direction  to  that  produced  b^  the  first  cumnt    lo 
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this  ca&e  the  mean  of  the  two  deflections  was  264  divisions,  which^, 
neglecting  the  small  amount  of  residua]  magnetism,  may  be  taken 
as  proportional  to  the  induction  in,  or  the  number  of  lines. of  force 
passing  through,  the  field-magnet  limb.  The  next  step  was  to 
determine  what  proportion  of  these  lines  passed  through  the 
armature,  which  was  of  the  drum  type,  each  coil  consisting  of  one 
convolution  only. 

The  wires  leading  from  the  galvanometer  were  soldered  one  to 
each  of  two  adjacent  commutator  bars,  and  the  armature  placed  so 
that  the  plane  of  the  coil  connected  to  those  bars  lay  at  right  angles 
to  the  lines  of  force. 

The  field-magnets  were  excited  as  before  by  a  current  of 
5*6  amperes,  and  the  deflection  noticed  first  when  the  current  in 
them  was  stopped  by  short-circuiting,  and  again  when  the  current 
was  sent  round  them  a  second  time,  so'as  to  suddenly  withdraw  lines 
of  force  from,  and  then  to  thrust  them  through  the  armature  core. 
The  mean  of  these  two  deflections  was  200  divisions,  and  therefore 

Induction  through  field-magnets       264 

Induction  through  armature  200  3    —  •'•  . 

That  js  to  say,  24*24  per  cent,  of  the  total  number  of  lines  of 
force  generated  failed  to  reach  the  armature  core  owing  to  leakage. 
Although  this  method  does  not  give  us  the  actual  number  of  lines 
of  force  in  c.g.s.  units,  it  nevertheless  gives  the  proportion  cor- 
rectly, and  in  these  experiments  the  number  passing  through  the 
armature  was  estimated  in  c.c.s.  units  by  running  the  tiiachinc 
at  a  known  speed  and  measuring  the  resulting  E.M.F.  v/'thout 
allowing  a  current  to  pass  through  the  armature  and  di:>tort  the 
field,  llien  the  actual  number  of  lines  in  any  other  part  of  the 
magnetic  circuit  could  be  found  by  simple  proportion.  Having 
shown  that  24*24  per  cent  of  the  lines  of  force  were  lost  by 
leakage,  the  next  step  was  to  localise  that  lesikage,  that'  Is^  to 
discover  at  what  points  it  occurred,  lliis  time  the  galvanoiACtCfi 
being  less  sensitively  adjusted,  gave  a  mean  deflection  of  115 
divisions  with  one  turn  round  the  middle  of  one  limb,  when  a 
current  of  5-6  amperes  through  the  field-magnets  was  j^udduily 
started  and  stopped  as  before.  Four  convolutions  were  then 
wound  round  the  bed-plate  directly  under  the  armature  shaft,  and. 
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the  current  being  stopped  and  started  in  the  field-magnets,  the 

galvanometer  indicated  a  mean  deAeclion  of  50*25  divisions,  due 

to  the  linos  of  force  which  leaked  through  the  bed-plate  and  cut 

the  four  convolutions  wound  round  it.    Four  turns  were  employed 

in  order  to  get  a  fairl)  high  deflection.    The  induced  iL.M.F.  being, 

however,  four  times  that  which  would  be  obtained  with  one  turn, 

it  becomes  necessary,  to  enable  thib  result  to  be  comjxired  with 

the  previous  one,  to  reduce  it  to  the  value  of  one  convolution, 

thus  : 

So'25  I-  I 

•^      '^  =  i2"0  di virions  ncarl). 

The  leakage  through  the  hpace  between  the  field-magnet  limbs 
was  mea&ured  with  a  coil  of  ten  turns  wound  on  a  square  frame, 
and  by  a  similar  calculation  was  found  to  be  proportional  to  eight 
divisions  with  one  convolution. 

Tl.e  horns  of  the  opposite  pole-pieccs  approach  each  other 
both  above  and  below  the  armature  to* within  127  centimetres, 
the  depth  of  each  being  8  centimetres.  'Ihe  leakage  across  each 
of  these  ga|)5  wa^  found  to  be  I'O  divisions,  or  yi  divisions  for 
the  two.  Reducing  these  losses  to  |>crcentagcs  of  the  total 
induction,  ue  have 

The  leakage  through  the  zhic  phtc  and  1 
iron  l)ase        .         .         .         •  / 

The  gaps  between  the  horna  account  for 
And  the  area  between  the  limbs    . 
staking  a  total  loss  accounted  for 
Oat  of  an  observed  loss  ot    . 

The  leakage  through  the  abaft  and  from  pole-piece  to  yoke,  and 
one  pole-piece  to  the  other  by  exterior  lines  will  account  for  thq 
remainder. 

This  ratio,  r,  will,  of  course,  vary  slightly  with  different  ex- 
citing currents  in  the  field-magnet  coils,  especially  when  the  iron 
approaches  the  saturation  point,  because,  tlie  permeability  of  the 
iron  decreasing  with  the  induction  through  it,  while  that  of  the  air 
remains  constant,  the  proportion  of  leakage  will  be  greater. 

These  experiments  constituted  the  first  definite  attempt  to 
discover  the  extent  and  the  locality  of  the  leakage  of  lines  of  force 
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generated  by  the  current  in  the  field-magnet  coils,  and  it  will  be 
seen  that  almost  a  quarter  of  the  pow(sr  spent  for  the  purpose  of. 
developing  the  field  in  this  particular  case  was  wasted.  The 
large  proportion  of  the  leakage  for  which  the  bed-plate  accounts 
shows  the  grieat  advantage  pertaining  to  the  inverted  horse-shoe 
form  of  field-magnet  It  is  to  be  regretted  that  the  other  types  of 
field-magnet  which  are  now  extensively  employed  have  not  been 
subjected  to  similar  experimental  examination,  but  a  study  of 
these  experiments,  together  with  those  made  in  connection  with 
the  machine  next  to  be  described,  should  enable  the  student  to 
make  a  very  fair  estimation  in  any  ordinary  case. 

It  would,  for  instance, ,  be  safe  to  predict  that  for  a  given 
magnetic  saturation  of  the  iron,  comparatively  little  magnetic 
leakage  would  take  place  with  the  machine  depicted  in  fig.  175, 
for  the  brackets  are  made  of  gun-metal,  and,  excepting  the  shaft, 
there  is  practically  no  magnetic  metal  employed  which  would  tend 
to  increase  the  leakage.  In  this  respect  this  machine  is  probably 
the  best  of  any  we  are  acquainted  with  ;  but  we  may  again  remark 
that  the  amount  of  leakage  also  depends  laigely  upon  the  degree 
of  saturation  of  the  iron,  and  upon  the  magnetic  resistance  of  the 
whole  magnetic  circuit.  On  the  other  hand,  it  would  be  false 
economy  to  make  the  leakage  extremely  low,  if  the  extra  expense 
incurred  in  so  doing  were  out  of  proportion  to  the  cost  of  the  power 
which  would  otherwise  be  wasted  in  the  generation  of  the  field. 

The  *  Manchester '  dynamo,  made  by  Messrs.  Mather  &  Piatt, 
is  illustrated  in  fig.  187.  The  arrangement  of  the  field-magnets 
differs  somewhat  from  that  in  the  machines  hitherto  described. 
Two  electro- magnets  are  fixed  vertically  with  their  like  poles 
uppermost,  the  similar  poles  being  in  each  case  joined  together 
by  massive  iron  yokes,  shaped  as  shown,  so  as  to  form  the  pole- 
pieces  between  which  the  armature  rotates.  The  lines  of  force  . 
due  to  the  field-magnet  coils  are  thereby  provided  with  an  easy 
path  for  completing  their  respective  circuits,  and  an  intense  field; 
is  projected  through  the  armature.  The  vertical  members  of  the 
field-magnets  are  of  wrought-iron,  let  into  the  horizontal  yokes, 
which,  being  of  cast-iron,  have  about  twice  the  sectional  area  of  the 
cores.  The  lower  casting  is  extended  on  both  sides  so  as  to  form  the 
bed-plate  of  the  machine,  and  the  centre  of  gravity  of  the  moving 
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parts  being  low,  it  is  comparatively  easy  to  rigidly  fvk  the  machine 
in  order  to^obtain  great  steadiness  in  running. 

llie  shaft  carrying  the  armature  is  made  of  Bessemer  steel, 
the  bearings  being  of  gun-metal,  and- a  free  space  along  the  shaft 
is  provided  to  admit  air  for  ventilating  the  armature.  When  driven 
at  1,100  revolutions  per  minute,  the  machine  illustrated,  which  is 


Fig.  187. 


compound- wound  to  maintain  a  potential  difference  of  100  volts, 
is  capable  of  generating  a  current  of  80  amperes  or  a  ma.\imum 
output  of  8,000  watts. 

The_  commutator  in  all  dynamos  x)f  this  type  consists  of  forty 
bars  of  hard-drawn  copper  insulated  with  mica.  Each  arm  of  the 
rocking-bar  carries  two  brushes,  each  brush  being  independently 
adjustable  for  the  reasons  already  explained.  The  diameter  of 
commutation  with  machines  of  this  class,  in  which  the  direction 
of  the  lines  of  force  through  the  armature  is  vcrtic^J^approximatet 


<-HAP.  X.  Manchester  Dynamo  345 

to  the  honzontal,  and  thN  position  in  the  Manchester  machine  is 
niorc  nearly  approached  in  consequence  of  a  peculiarity  in  the 
curvature  of  the  pole  piece<i.  Instead  of  the  polar  surfaces  being 
made  concentric  with  the  armature,  they  are  struck  from  a  radius 
cjreater  than  thav  from  the  centre  of  the  thaf^  so  that  the  pole- 
pieces  are  brought  slightly  nearer  the  armature  at  points  opposite 
the  extremities  of  its  ^e^tical  diameter.  The  lines  of  force  are 
therefore  more  concentrated  at  these  places,  which  reduces  the 
distortion,  and,  increasing  the  activity  of  the  most  active  or  vertical 
colls,  decreases  that  of  those  near  the  neutral  point. 

The  armature  is  of  the  ring  type,  the  core  consisting  of  the 
usual  thin  iron  discs  clamped  between  the  ends  of  a  gun-metal 
frame.  The  arms  of  this  frame,  which  fit  into  slots  in  the  discs, 
are  free  of  the  shaft,  so  that  a  clear  space  for  ventilation  is  re- 
tained. The  end-plate  nearest  the  commutator  is  keyed  to  the 
shaft,  while  the  other  is  held  up  light  against  the  plates  by  means 
of  ft^  nut.  The  wire  is  wound  in  forty  pairs  of  coils,  the  resistance 
fiOm  brush  to  brush  being  0*084  ohm. 

The  shunt  coils  on  the  field  magnet  have  a  resistance  of 
41*5  ohms,  and  the  series  coils,  which  are  wound  outside  the  shunt 
coilk,  liave  a  resistance  oi  0*049  ohm. 

The  gross  weight  of  the  machine  is  10  J  cwt. 

The  brothers  Hopkinson  also  made  on  this  machine  some 
experiments  similar  to  those  already  described,  and  we  may  briefly 
refer  to  the  simpler  of  the  experiments  which  show  the  percentage 
and  the  locality  of  the  leakage  of  the  lines  of  force.  Fig.  188  gives 
an  outline  of  the  machine,  and  shows  the  various  positions  of  the 
testing-oil  s.  As  ia  the  other  experiments,  the  armature  was  dis- 
connec^ted,  and  a  constant  current  obtained  from  an  independent 
source  to  magnetise  the  field-magnets,  the  lines  of  force  being 
made  to  cut  the  testing-coil  by  suddenly  starting  and  stopping  the 
current  in  the  (ield-magncts,  and  the  mean  of  the  two  observed 
deflections  of  the  ballistic  galvanometer  calculated  as  before.  In 
the  first  experiment  four  turns  were  taken  round  the  middle  of 
one  limb  at  a  A,  and  the  mean  deflection  was  observed  to  be  214 
divisions.     But  as  with  a  single  turn  of  wire  only  one-fourth  of 

this  would  have  beect  obtained,  1!^  =  53-5  represents  the  total  in- 
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duction  through  the  field-magnet  core  in  term$  of  the  arbitrary 

unit  here  assumed.     But  an  equal  number  of  lines  pass  through 

the  other  vertical  limb  ;  therefore,  the  total  mductton  through  the 

field-magnet  cores,  as  shown  by  this  first  measurement,  may  be 

represented  by  107. 

The  coil  was  then  raised  to  n  d,  where  the  mean  deflection  wa^ 

ao6  ' 

206,  or,  for  a  single  turn, rs  51*5,  or  103  for  the  two  limb:«« 

4 
and  the  mean  of  these  two  results— vir.  105— -was  taken  as  the 
mean  mduction  in  the  field-magnet  corc^. 

Three  turns  were  wound  round  the  armature  at  c  c,  where 
the  deflection  obtained  was  22:1  divisions,  or,,  for  one  turn  only» 

Kic.  x88. 


=  74,  which  represents  the  total  induction  through  the  space 

3 
occupied  by  the  armature.  But  we  know  that  in  a  Gramme  ring 
a  certain  number  of  lines  pass  diametrically  across  instead  of 
round  the  armature  core,  which  number  becomes  greater  when 
the  iron  is  so  saturated  that  its  permeability  is  low — perhaps  lower 
even  than  that  of  the  shaft — and  the  next  experiment  sought  to 
determine  the  waste  due  to  this  cause.  Four  turns  were  taken 
^roun^pD,  the  deflection  being  i4i|qr  35*25  in  terms  of  one  con- 
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volution.  But  as  an  equal  number  of  lines  pass  through  the  other 
half  of  the  ring,  we  must  double  this,  getting  70*5  as  the  effective 
induction  through  the  core,  against  74  through  the  whole  armature 
space  and  105  through  the  field-magnets. 

At  RE  39*75  divisions  due  to  o^e  convolution  were  obtained, 
and,  the  induction  being  the  same 'on  the  other  side,  the  total 
induction  =  79'S. 

At  FF  the  result  was  higher,  being  41*75,  or  83-5  for  both 
sides,  the  difference  being  caused  by  the  easier  path  at  the  bottom 
of  the  machine  offered  by  the  bed-plate  and  bearings,  and,  of 
course,  these  additional  lines  are  wasted. 

We  see,  therefore,  that  in  this  case  a  large  number  of  the  lines 
of  force  generated  are  wasted  ;  in  fact,  here 

lines  through  field-magnets        105  , 

Y  ss Z. — S- 2 «=  — i  =1*49  nearly. 

hnes  through  armature  core       70*5 

This  loss  is  partly  accounted  for  by  the  extension  of  the  lower 
yoke-piece  to  form  the  bed-plate  and  the  use  of  iron  supports  for 
the  bearings,  an'3  is,  no  doubt,  fully  compensated  for  by  advan- 
tages from  a  mechanical  point  of  view.  But  it  will  be  observed 
that  almost  5  per  cent  of  the  lines  passing  through  the  arma- 
ture leave  the  core  and  pass  diametrically  across  the  ring ;  this 
large  proportion  is,  in  a  great  measure,  due  to  the  fact  thai 
induction  through  the  armature  core  was  very  high,  vir.  20,000 
CG.s.  units. 

Another  form  of  double  horse-shoe  magnet  machine,  and  one 
which  differs  considerably  from  any  yet  described  in  several  im- 
portant mechanical  and  electrical  details,  is  that  constructed  by 
Messrs.  I^urence,  Paris,  &:  Scott,  and  illustrated  in  fig.  189,  a 
section  through  the  machine  being  also  shown  in  fig.  190.  The, 
field-magnets  are  of  cast-iron,  made  in  two  parts  firmly  bolted! 
together  and  provided  with  flanges  to  hold  the  four  exciting 
coils,  the  lower  casting  having  additional  flanges  to  receive  the 
foundation  bolts.  The  armature  shaft  is  supported  by  cast-iron 
brackets  provided  with  gtin-metal  bushes  and  bolted  to  projections 
from  the  lower  pole-piece.  The  pole-pieces  are  bored  out  circular 
Xq  form  the  annature  space.     The  armature  is  drum  wounds  but  is 
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furnished  with  teeth  projecting  between  each  of  the  sections,  as  in 
one  of  the  earJicst  forms  of  armature  devised  by  Pacinotti,  whence 
these  project'ons  arc  known  as  Pacinotti  teeth. 

The  chief  objection  to  this  type  of  armature  core   is,  that 


although  some  of  the  iron  is  brought  nearer  the  field-magnet  poles, 
its  uneven  surface  perturbs  the  magnetic  field,  keeping  it  in  a  state 
of  oscillation,  and  setting  up  eddy  currents  in  the  field-magnet 
poles.     But  in  the  machine  under  notice  this  effect   is  almost 
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entirely  obviated  by  employing  a  large  number  of  teeth  and  making 
the  distance  between  them  very  small,  so  that  the  oscillation  of  the 
field  is  very  slight — indeed,  practically  imperceptible.  One  section 
of  the  armature  \^  wound  in  each  slot,  which  is  just  wide  enough 
to  take  a  single  insulated  wire,  and  Seep  enough  to  hold  the 
number  of  wires  in  each  section. 

In  the  armature  shown  in  fig.  190  each  section  consists  of  six 
convolutions,  so  that  there  are  six  wires  in  each  slot  If  the  slots 
were  made  too  deep,  some  of  the  lines  of  force  would  not  be  cut 
by  the  inner  wires  ;  in  the  present  case,  the  number  thus  missed 
is  very  small,  practically  none  being  lost  in  armatures,  having  but 
two  turns  in  each  section.  The  core  is  built  up  of  thin  discs 
6f  %)ft  iron,  of  the  shape  shown  in  the  sectional  figure.     The 

Fic  xgok 


centre  holes  are  hexagonal,  and  the  plates  or  discs  are  threaded 
on  to  the  hexagonal  steel  shaft,  so  that  each  one  is  driven  direct 
from  it  This,  added  to  the  fact  already  mentioned,  that  the  wire 
is  wound  in  deep  and  narrow  slots,  makes  the  armature  as  a  whole 
mechanically  strong,  there  being  little  lisk  of  a  sudden  stress 
shifting  the  core  or  stripping  the  conductor  from  its  place.  There 
is  an  unusually  large  proportion  of  iron  in  the  core  ;  in  fact,  the 
whole  of  the  space,  except  the  small  amount  taken  up  by  the  insu 
lating  material,  is  occupied  by  the  iron  plates  and  steel  shafts  no 
allowance  whatever  being  made  for  ventilation  It  will  be  observed, 
however,  that  a  large  amount  of  the  iron  core  (the  edges  of  the 
teeth)  lA  in  direct  contact  with  the  air,  and  as  the  armature  rotates 
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the  heat  is  carried  off  by  convection,  thus  preventing  any  great 
rise  in  temperature.  The  faciHty  Afforded  in  this  way  for  the 
dissipation  of  the  heat  generated  in  the  core,  gives  to  the 
Pacinotti  ring  one  very  important  advantage.  The  commutator 
sections  or  bars  are  insulated  ^\ith  mica,  rings  of  asbestos  i^nd 
fibre  being  employed  at  the  end<  <^f  the  bars  to  insulate  them 
from  the  clamping-nut  and  washer  by  which  they  iire  held  in 
position. 

When  the  machine  is  compound  wound,  the  series  turns  arc 
usually  wound  on  the  top  mag«  cores.  Should  the  scries  coil 
not  occupy  the  whole  of  the  wire-space,  it  is  filled  up  with  a  por- 
tion of  the  shunt  wire,  which  aho  occupies  the  whole  of  the  sjiace 
on  the  lower  magnet  cores. 

For  large  machines,  shee(  copper,  insulated  with  strips  of  calico, 
is  used  for  the  scries  winding. 

The  following  details  concerning  one  of  these  machines,  very 
recently  constructed  to  give  12,000  watts  at  an  E.M.r.  of  100  volts 
when  driven  at  710  revolutions,  will  be  of  service. 

The  armature  is  wound  in  fifty-two  sections,  each  of  two  con- 
volutions, so  that  there  are  fifty-two  bars  in  the  commutator  and 
two  wires  in  each  slot.  The  sectional  area  of  the  cast-iron  field- 
magnet  cores  is  considerably  greater  than  that  of  the  armature 
core,  the  former  being  98  and  the  latter  29*7  square  inches.  The 
maximum  magnetic  induction  through  the  armature  core  is  nearly 
23  Kapp  lines  per  square  inch;  or  about  21,000  c.c.s.  lines  per 
square  centimetre. 

The  armature  conductor  in  of  braided  wire,  very  carefully 
insulated  from  the  core  and  from  tho  adjacent  wire  in  the  same 
slot,  and  the  current  density  in  the  '  onductor/ with  120  amperes, 
is  3.210  amperes  per  square  inch. 

The  series  winding  on  each  of  the  top  limbs  consists  of  twenty- 
eight  turns  of  sheet  copper,  4*5  inches  wide  and  0*025  inch  thick, 
having  a  resistance  of  o'oi24*,  and  giving,  with  the  maximum 
current,  3,360  ampere  turns. 

The  resistance  of  the  shunt  coils  is  32  •4*,  the  ampere^lurnk, 
with  the  potential  difference  of  100  volts,  l^eing  6,468. 

We  may  from  the  above  easily  determine  the  number  or  watts 
expended  in  the  various  jwrts  of  the  circuit,  remembering  that  the 
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amount  developed  in  the  external  circuit  when  the  maximum 
current  is  bemg  obtained  will  be  E  c  =  loo  x  120  ss  12,000 
watts.     Thys, 

Shunt    coils        3**4*,  watts  lost  with  too  volts       «=  308 
Series        „      o-oi24*,      „  „  120  amperes  =  178 

Armature,,       0045-,      „  „  120       „         =648 

Fig.  191  illustrates  the  *  Trade*  dynamo  of  Messrs.  Crompton 
^  Co.     It  is  somewhat  ximilar  to  the  Manchester  dynamo,  and  to 

Fig.  101. 


that  just  described,  in  that  it  consists  of  a  double  electro-magnet, 
the  di/Terence  being  that  it  is  fixed  vertically  instead  of  horizontally. 
The   field -magnet   cores  are  of  annealed  wrought-irxM%  and   are 
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fixed  by  holts  and  nuts  to  the  cast  iron  bed -plates.  The  coils  arc 
wound  on  four  bobbins,  and  connected  in  such  a  nvanner  that  the 
two  coils  on  the  same  magnet  limb  have  their  similar  poles  ad- 
jacent, the  pair  on  the  one  side  having  their  north  poles  and  that 
on  the  other  side  their  south  poles  adjacent,  so  that  the  lines  of 
force  pass  horizontally  through  the  armature  from  and  ihto  those 
portions  of  the  vertical  limbs  between  the  coils,  which  portions 
therefore  form  the  pole-pieces. 

This  machine  is  furnished  with  a  ring  armature,  in  which  the 
iron  discs  are  insulated*  by  varnished  paper,  the  built-up  core 
being  dried  in  an  oven  before  the  conductor  is  wound  over  it. 
The  steel  shaft  has  four  longitudinal  grooves,  into  which  fit  radial 
bars  of  aluminium  bronze,  their  length  along"  the  shaft  being  equal 
to  the  length  of  the  core.  The  outer  ends  of  these  bars  dovetail 
into  notches  in  the  discs.  The  conductor  is  of  rectangular  cotton- 
covered  wire,  wound  in  one  layer  on  the  outer  circumference,  but 
in  two  layers  over  the  inner  face  of  the  core,  which,  besides  being 
smaller,  is  partly  occupied  by  the  radial  driving  bars.  Insulated 
steel  wedges  project  at  intervals  from  the  core,  to  drive  the  con- 
ductor on  the  outer  circumference,  and  the  armature  is  also  bound 
over  with  thin  tinned  steel  wire  to  prevent  bulging.  The  brushes 
are  of  stentil  copper,  carried  on  a  gun -metal  spindle  which  is 
insulated  by  a  fibre  collar  from  the  cast-iron  rocking-bar.' 

We  have  remarked  that  it  is  not  possible  in  practice  to  'com- 
pound '  a  machine  to  give  a  constant  current,  in  the  same  manner 
that  a  constant  potential  can  be  maintained.  Hence  a  variety  of 
other  devices,  mostly  mechanical,  have  been  suggested  for  the 
purpose,  one  of  which  has  already  been  described,  and  we  will 
now  direct  attention  to  a  machine  designed  and  constructed  by 
Mr.  J.  G.  Statter,  to  maintain  a  constant  current  at  a  constant 
speed  when  the  external  resistance  is  varied  ;  or  when  the  speed  is 
varied  and  the  resistance  remains  unaltered  ;  or  within  certain 
limits  when  both  speed  and  resistance  var)'. 

When  an  armature  is  rotated  in  a  ^mple  field,  with  the  brushes 
removed  from  the  commutator,  there  arc  two  points,  at  opposite 
extremities  of  a  diameter,  at  one  of  which  the  potential  is  a 
maximum  (positive),  and  at  the  other  a  minimum  (negative),  and 
it  is  at  these  points  that  the  brushes  should  l)e  set  in  order  to 
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obtain  the  greatest  difference  of  potential.  From  the  negative  to 
the  positive  brush  either  way  round  the  commutator,  the  potential 
gradually  increases  in  value,  and  if  the  negative  brush  were  shifted, 
say,  20®  forward,  it  would  touch  at  a  point  of  higher  potential,  and 
consequently  the  difference  between  the  two  brushes  would  be  re- 
duced. A  like  reduction  would  follow  if  the  positive  brush  were 
moved  forward,  because  it  would  then  make  contact  at  a  point  of 
lower  potential ;  and  in  the  third  case  the  difference  of  potential 
between  the  two  might  be  decreased  by  giving  them  simultaneously 
a  greater  angle  of  lead,  until  they  would  be  at  nearly  the  same 
potential  when  moved  through  an  angle  of  90*. 

It  follows  that  by  merely  'shifting  the  brushes  the  potential 
difference  at  the  terminals  may  be  made  what  we  please  from  the 
maximum  downwards,  and  this  method  might  be  employed  to  vary 
the  pressure,  and  therefore  the  current,  to  suit  the  requirements  of 
the  circuit  Thus  the  brushes  might  be  set  20**  ahead  of  their  normal 
position  of  no  sparking — that  is,  where  the  difference  of  potential 
between  them  is  af  a  maximum— and  then,  if  the  current  became 
loo  strong,  the  brushes  could  be  shifted  yet  further  ahead,  thus  re- 
ducing the  potential  difference  and  also  the  current ;  while  by  Rov- 
ing the  brushes  back  towards  their  normal  position,  the  current  could 
be  increased  in  strength,  should  it  fall  below  the  desired  value. 

This  would,  however,  be  impracticable  in  an  ordinary  dynamo, 
on  account  of  the  terrific  sparking  which  would  ensue ;  and  one  of 
the  principal  features  in  Mr.  Statter's  machine  is  the  method  by 
which  he  renders  it  possible  to  vary  the  lead  of  the  brushes  through 
a  considerable  angle,  without  causing  this  sparking. 

Confining  our  attention  at  present  to  the  case  of  ring  arma- 
tures, it  will  be  remembered  that  when  a  coil  which  is  carrying  the 
whole  of  the  current  generated  in  one  half  of  the  armature  is 
short-circuited  by  the  brush,  the  electro-magnetic  inertia  of  the 
coil,  due  to  its  self-induction,  prevents  the  instantaneous  cessation 
of  the  current ;  and  that  even  if  the  coil  is  compiutated  at  the 
moment  when  its  plane  is  exactly  at  right  angles  to  the  field  and 
therefore  in  itself  inactive,  yet  there  will  be  a  considerable  spark 
caused  by  what  we  may  term  the  self-induction  current  in  the  coil. 
For  this  reason  it  is  found  to  be  necessary  to  give  the  brushes  a 
slight  extra  lead  so  that  the  coil  may  begin  to  cut  lines  of  force, 
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and  have  induced  in  it  an  opposing  E.M.F.  sufficiently  strong  to 
just  counteract  this  self-induction  effect,  and  stop  the  current  in 
the  coil  before  the  brush  leaves  its  commutator  bars.  Now  the 
weaker  the  field  the  greater  is  the  extra  lead  required  to  obtain 
this  opposing  E.M.F.  The  extra  lead  also  increases  with  the  self- 
induction  of  each  individual  coil,  while  in  the  case  of  some  arma- 
tures, having  but  one  or  two  convolutions  in  each  section,  it  is 
practically  niL 

It  must  be  remembered  that  this  extra  lead  is  not  due  to  the 
distortion  of  the  field,  but  is  simply  required  to  prevent  the  spark 
which  would  otherwise  result  from  the  self-induction  of  the  coils. 
Neither  must  it  be  forgotten  that  if  the  current  is  kept  constant 
in  strength,  the  E.M.F.  thus  required  to  be  counterbalanced  is  the 
same  whether  the  coil  is  short-circuited  at  io%  20%  or  30® 
ahead  of  the  ilormal  position.  In  an  ordinar)'  Held  the  activity  of 
the  coil  increases  with  such  rapidity  as  it  leaves  the  neutral 
position,  that  the  self-inductive  effect  is  more  than  balanced,  and 
there  is  a  remaining  E.M.F.  opposite  in  direction  induced  by  the 
field  on  the  coil,  which  is  theh  competent  to  cause  sparking. 

But  if  the  field  were  made  uniform  and  of  such  strength  that 
for  a  certain  distance  beyond  the  neutral  point— say  through  an 
angle  of  40® — the  number  of  lines  cut  by  the  coil  at  any  position 
in  that  angular  space  was  just  sufficient  to  counterbalance  the 
E.M.F.  of  self-induction,  then  the  potential  difference  at  the  ends  of 
the  coil  throughout  that  range  would  be  /i//,  and  no  sparking 
would  ensue  if  it  were  short-circuited. 

This  is  Mr.  Statter's  method  ;  and  in  order  to  allow  a  strong 
field  to  be  employed,  each  coil  contains  an  unusually  large  num- 
ber of  convolutions,  there  being  also  plenty  of  iron  in  the  armature, 
so  that  a  strong  field  is  required  to  counterbalance  the  resulting 
high  self-inductive  effect.  Portions  of  the  pole-pieces  are  cut 
aw^y  at  such  points  as  will  make  the  density  of  the  lines  of  force 
entering  the  armature  over  a  given  angle  equal ;  and  the  exact 
places  where  the  field  has  to  be  increased  or  reduced  in  strength 
arc  ascertained  by  experimenting  in  the  following  maimer. 

K  series  machine  is  constructed  in  the  ordinary  way,  having 
pole-faces  concentric  with  the  armature,  but  with  a  rather  larger 
number  of  convolutions  than  usual  in  each  armature  section.   The 
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dpeed  at  wHich  i(  i^  driven  in  kept  constant,  and  also  the  current, 
say  at  lo  aVnperes/whei|  the  effect  of  self- induction,  which  has  to 
W  balanced,  but  not  over-)>akmced,  will  be  constant  also^  The 
firsi  step  is  to  find  opt  what  is  the  activity  of  a  single  goil  at  the 
various  stages  of  its  circular  path,  and,  in  order  to  decide  this,  use 
is  made 'of  a  set  of  apparatus  which^h^  been  employed  for  dif- 
ferent .objectaT  by  other  experimenters  with  go^d  results.  It  con- 
sists of  a  voltmeter  of  the  requisite  range,  having  its  terminals 
attached  by  flexible  wires  to -two  copper  strips,  which  ^rc  fixed  at 
a  sufficient  distance  apart  by  pieces  of  insulating  material,  so  that 


their  ends  bridge  over  the  ^ridth  of  a  commutator-segment.  The 
arrangement  of  this  simple  apparatus  and  the  method  of  Using  it 
are  indicated  in  fig.  192.  While  the  machine  is  running,  and 
sending  a  current  through  an  external  resistance,  the 'exploring 
brushes,  as  we  may  tern)  them,  are  held  against  the  commutator, 
as  indicated  in  the  figure,  and  each  coil  as  it  passes  the  point 
where  the  brushes  are  placed  is  connected  up  for  a  mpment  to  the 
voltmeter,  which  indicates  the  electromotive  force  developed  in 
the  coils  while  passing  that  position.  The  exploring  brushes  are 
shifted  by  suitable  stages  round  the  whole  of  the  commutator!  and 
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the  deflection  of  the  voltmeter  noted  for  each  position.  The 
results  are  plotted  in  the  form  of  a  curve  (see  fig.  193),  the  dis- 
tances along  the  horizontal  line  being  taken  to  represent  the 
angular  distance  of  the  coil  from  the  zero  position  on  the  commu- 
tator, while  the  vertical  distances  represent  the  E.M.F.  in  volts 
developed  by  one  coil  in  the  various  positions. 

The  curve  c  c  was  obtained  in  this  manner  when  the  main 
brushes  were  placed  in  the  normal  position,  the  lead  being  about 
20^  The  results  obtained  in  passing  down  the  commutator  in  the 
direction  of  rotation  are  plotted  above,  while  those  obtained  in 
passing  up  are  plotted  below  the  line ;  and  it  will  be  observed 
that  the  e.m.f.  at  the  extremities  of  each  coil  becomes  nil  dX  20^ 
from  zero,  while  it  is  a  maximum  at  about  150®  from  zero. 

To  facilitate  comparison,  both  the  point  vertically  above  and 
that  vertically  below  the  centre  of  the  shaft  are  regarded  as  zero 
points. 

This  curve  having  been  obtained,  the  brushes  were  shifted 
forward  to  a  position  60^  from  zero,  and,  regardless  of  sparking, 
the  potential  difference  at  the  extremities  of  a  coil  in  all  the 
various  positions  was  again  measured.  Another  curve,  d  d  d,  was 
obtained  by  plotting  these  results,  and  it  will  be  observed  that,  at 
the  moment  a  coil  is  passing  under  the  main  brushes,  the  potential 
difference  at  its  ends  is  considerable.  This  potential  difference, 
which  gives  rise  to  the  sparking,  is  in  fact  proportional  to  the 
height  of  the  ordinate  l,  and  it  is  equal  to  the  excess  of  the  E.M.F. 
induced  in  the  coil  by  the  powerful  field  at  this  point  over  that 
momentary  e.m.f.  due  to  the  self-induction  of  the  coil  at  the 
moment  it  is  short-circuited.  It  is  dear,  then,  that  to  eliminate 
the  sparking  when  the  main  brushes  are  given  a  forward  lead  of 
60^,  the  strength  of  the  field  must  be  reduced  by  just  so  many  lines 
of  force  as  would  develop  an  f^m.f.  proportional  to  the  ordinate  l, 
and  then  the  ej^i.f.  of  self-induction  and  that  being  induced  in  the 
coil  would  exactly  balance.  The  length  and  number  of  active  con- 
ductors in  each  coil,  and  also  the  speed  of  rotation  being  known, 
this  number  of  lines  of  force  can  readily  be  determined. 

The  main  brushes  were  next  given  a  lead  of  90%  when,  as 
might  be  expected,  the  sparking  became  even  more  severe,  but  by 
means  of  the  exploring  brushes  and  voltmeter  the  curve  e  E  £  vi^as 
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rapidly  obtained.  The  k.m.f.  in  excess,  which  at  this  position  of 
the  brushes  causes  the  sparking,  is  represented  by  the  ordinate  x^ 
which  gives  a  means  of  estimating  the  extent  to  which  it  \%  here 
necessarj'  to  reduce  the  strength  of  the  field.  About  ten  such 
curves  were  obtained  with  the  brushes  in  various  positions  between 
20*  and  loo*;  but  we  have  only  given  three  of  them  in  order  to 
avoid  a  complex  figure.  From  each  point  on  the  horizontal  line 
corresponding  to  the  .angular  distance  of  the  main  brushes  from 
zero,  a  perpendicular  is  erected  to  cut  the  curve  ^vhich  was  obtained 
with  those  brushes  in  that  particular  position  (as  we  have  observed, 
L  and  ic  are  such  ordinates),  and  by  joining  the  tops  of  the  whole 
of  the  ten  ordinates  the  dotted  cun-es  starting  at  20"  and  termi- 
nating at  s  are  obtained. 

The  area  contained  between  one  of  these  curves  and  the  hori- 
zontal line  affords  an  indication  of  the  amount  of  iron  which  should 
l)e  removed  from  the  corresponding  pole -face  in  order  to  weaken 
the  field  to  the  desired  extent. 

But  since  the  very  act  of  increasing  the  distance  between  the 
pole-face  and  the  armature  core  at  one  point  increases  the  density 
of  the  lines  of  force  at  another  adjacent  point,  the  areas  only  ap- 
proximately represent  the  shape  of  the  cavity  required  in  the  pole- 
face.  For  this  reason  the  curves  are,  in  practice,  simply  used  as  a 
guide  to  indicate  to  what  extent  the  field  requires  reduction  at  the 
various  parts,  and  the  iron  is  removed  to  a  rather  less  extent  than  is 
sufficient,  so  as  to  allow  a  margin  for  any  error.  Other  curves  are 
then  obtained  by  means  of  the  exploring  apparatus,  and  a  second 
approximation  to  the  final  result  is  arrived  at,  the  process  being 
again  repeated  if  necessary.  The  dotted  curve  v  was  obtained 
with  the  brushes  at  90"  after  the  pole-face  had  been  shaped,  and 
shows  by  its  coincidence  with  the  horizontal  line  at  90*  that  no 
sparking  took  place  with  the  brushes  in  that  position. 

One  method  of  modifying  the  field  is  to  cut  a  groove  in  the 
pole-face  parallel  to  the  shaft,  after  the  manner  shown  in  f\g,  192, 
and  it  will  be  seen  that  the  outline  of  the  groove  approximates 
somewhat  to  the  dotted  shaping  curves  in  fig.  193, 

The  desired  result  may,  however,  be  obtained  by  removing  the 
iron  in  a  variety  of  ways,  such  as  boring  holes  in  the  polc-picccii, 
or  even  by  using  iron  of  different  permeability. 
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We  have  here  considered  the  case  of  a  ring  armature  machine, 
in  which  the  maximum  number  of  lines  which  each  coil  can  at 
any  one  time  embrace  is  only  half  the  total  number  passing  through 
the  core.  But  in  the  case  of  a  dfum  armature  the  whole  of  the 
h'nes  can  at*  once  be  embraced  and  cut  by  a  coil  during  half  a 
revolution  ;  it  is  therefore  only  necessary  to  *  explore '  through 
1 80®  round  the  commutator,  and  plot  the  curves,  say  above  the 
line,  to  obtain  one  shaping  curve.  This  will  indicate  approxi* 
mately  the  amount  by  which  the  whole  field  must  be  reduced,  and 
the  whole  of  the  iron  may  be  removed  from  one  pole-piece,  or 
half  from  each,  as  in  fig.  192. 

In  this  manner,  then,  is  it  rendered  possible  for  the  brushes 
to  be  shifted  through  a  considerable  angle  in  order  to  vary  the 
potential  difference,  and  consequently  the  current  strength,  without 
introducing  sparking.  It  now  remains  to  show  the  method  by 
which  the  brushes  are  automatically  moved  to  the  proper  position 
when  the  current  varies.  A  view  of  the  machine,  with  its  auto- 
matic regulator,  is  given  in  fig.  194.  In  this  particular  case,  two 
deep  groo\  es  are  cut  in  each  pole-face,  but  they  do  not  extend  to 
the  pole-cheek,  so  that,  in  external  appearance,  it  is  similar  to  an 
ordinary  machine.  The  solenoid  shown  in  the  front  of  the  figure 
is  wound  with  thick  wire,  and  is  joined  up  in  the  main  circuit,  so 
that  the  whole  current  passes  through  it  Inside  it  is  a  core 
capable  of  a  small  vertical  movement,  its  centre  being  below  that 
of  the  solenoid.  When  the  main  current  rises  above  its  proper 
value,  this  core  is  sucked  up,  and  throws  into  gear  a  simple  me- 
chanism which  increases  the  lead  of  the  brushes  and  so  reduces 
the  current ;  similarly,  a  reduction  in  the  current  strength  alIo\\'s 
the  core  to  fall,  when  the  mechanism  is  reversed,  and  the  brushes 
recede  towards  the  zero  or  maximum  potential  position. 

The  bar  which  carries  the  brush-holders  is  placed,  as  usual, 
on  the  end  of  the  bearing  next  the  commutator,  the  collar,  how- 
ever, being  adjusted  and  the  bearing  oiled  so  that  the  bar  can 
rock  easily.  On  the  upper  part  of  the  collar  is  fixed  a  toothed 
segment,  which  gears  with  a  pinion  on  a  spindle  parallel  to  the 
main  shaft ;  the  other  end  of  this  spindle  carries  two  ratchet- 
wheels,  each  5^  inches  in  diameter,  but  with  their  teeth  set  in 
opposite  directions.    The  nearer  of  these  ratchet-wheels  can  be 
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seen  in  the  figure  ;  the  other  is  but  \  inch  behind  it,  and  the  two 
are  rigidly  fixed  together  by  means  of  three  set  screws.     When 


Fiu.  194. 


these  wheels  are  rotated,  the  pinion  at  the  other  end  of  the  spindle 
on  which  they  are  fixed  communicates  the  motion  to  the  toothed 
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segment  on  the  brush-bar  collar,  and  so  slightly  alters  the  lead  of 
the  brushes,  either  forward  or  backward,  according  to  the  direction 
in  which  the  ratchet-wheels  are  turned. 

Above  the  wheels  is  a  curved  bar,  with  a  pawl  at  either  end, 
which,  however,  are  not  m  line,  one  being  placed  directly  over 
and  gearing  with  the  front  wheel,  while  the  other  gears  with  the 
back  wheel.  When  the  machine  is  running,  the  curved  l>ar  has 
given  to  it  a  continual  rocking  motion  through  a  small  angle,  by 
means  of  a  rod  having  at  one  end  a  slot,  in  which  plays  a  pin 
eccentrically  fixed  on  the  end  of  the  main  shaft.  In  the  normal 
state,  the  range  through  which  the  bar  moves  is  such  that  neither 
pawl  quite  touches  the  ratchet-wheel  directly  under  it,  but,  by 
tilting  the  bar  a  little  one  way  or  the  other,  either  pawl  can  be 
lowered  sufficiently  to  gear  with  its  wheel  at  every  pulsation. 

This  tilting  is  given  in  the  proper  direction  by  the  movement 
of  the  core  in  the  solenoid,  the  core  being  attached  to  the  curved 
rocking  bar  by  a  light  rod,  and,  when  the  current  becomes  too 
strong  and  the  core  is  sucked  upwyds,  that  pawl  is  thrown  into 
gear  which,  step  by  step,  gives  to  the  brushes  a  forward  movement, 
and  vice  versa. 

The  large  tube  which,  in  the  figure,  can  be  seen  passing  right 
through  the  solenoid  is  rigidly  fixed  to  it,  and)  in  fact,  forms  the 
tube  of  the  bobbin  on  which  the  wire  is  wound.  It  is  made  of 
brass,  and  inside  it  the  core,  which  is  a  wrought-iron  tube  i^  in. 
in  diameter,  slides  freely.  The  solenoid  is  6  inches  in  length,  and 
the  iron  core  is  a  trifle  longer,  its  centre  being  about  i  inch  below 
the  centre  of  the  solenoid.  Its  play  is  limited  to  ^^  inch,  so  that 
It  can  only  move  just  far  enough  to  throw  the  ixi\tIs  in  gear. 

The  machine  regulates  remarkabl}  well  under  the  var)nng 
conditions  previously  referred  to,  the  brushes  steadily  travelling 
backward  and  forNvard  with  but  little  sparkin^j.  The  machine 
pictured  in  fig.  194  was  designed  to  supply  a  constant  current  of 
10  amperes  to  a  number  of  ar^  lamps  joined  up  m  series,  and  is 
driven  at  1,000  revolutions  per  mmute.  A.nv  alteration  in  the 
number  of  lamps  in  circuit  of  course  varies  the  external  resistance, 
and  the  rejB;ulator  immediately  moves  the  brushes  to  compensate 
for  this.  With  the  maximum  number  of  lamps  joined  up,  the 
potential  difference  at  the  terminals  is  1,290  volts,  so  that  the 
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power  available  in  the  external  circuit  is  1 2,900'  watts.  It  is  series 
wound,  the  resistances,  measured  when  the  wires  were  hot,  being : 
armature,  879  ohms ;  field-magnets,  3 '3  ohms ;  regulating  SQle^ 
noid,  'o'57  'ohm.  There  are  sixty  commutator  bars,  and*  the 
number  of  convolutions  in  each  section  of  the  armature  is  fifty-four. 
The  magnetic  induction  through  the  armature  is  17  Kapp  lines, 
or  rather  over  17,000  cc.s.  lines. 

An  interesting  machine  pf  this  class  is  in  use  for  generating 
the  current  for  the  North  fleet  Tramway,  where  the  motors  on  the 
various  cars  are  placed  in  series,  and  the  power  required  varies 
rapidly  and  considerably,  while  the  current  must  be  kept  constant 
at  50  amperes.  The  maximum  E.M.F.  at  the  terminals  is  450  vo1l% 
and  the  brushes  are  continually  travelling  backwards  and  forward^ 
the  sparking  being  hardly  noticeable. 

Another  type  of  dynamo,  manufactured  by  the'  same  firm,  is 
illustrated  in  section  in  fig.  195,  the  section  being  taken  vertically 
through  the  spindle.  The  machine  is  designed  to  be  driven  direct 
by  a  steam-engine,  which  is  built  upon  the  same  bed-plate  with  it, 
and  it  is,  consequently,  calculated  to  develop  the  requisite  E.M.F. 
at  a  low  speed. 

The  framework  is  a  hollow  casting,  well  stayed  with  cross-ribs, 
and  cast  solid  at  one  part  to  form  the  yoke.  The  slabs  fonning 
the  limbs  of  the  field-magnet  are  of  wrought-iron,  of  the'  brand 
known  as  '  Kirkstall  scrap,'  ckrefully  annealed,  each  finished  limb 
weiring  8  cwt ;  they  are  fixed  on  to  the  framework  by  two  bolts 
passing  horizontally  through  the  solid  part  of  the  casting. 

The  armature  is  drum  wound,  having  Pacinotti  teeth,  the  core 
being  made  hi  thin  discs  of  Swedish  iron,  punched  out  to  the 
required  shape,'  and  effectually  insulatedone  from  smother  by  thin 
asbestos  tissue  and  shellac  varnish. 

A  number  of  keyways  are  planed  in  the  shaft,. and  correspond- 
ing horns  or  projections  are  stamped  out  on  the  inner  edges  of. 
the  discs,  to  fit  accurately  into  these  keyways,  the  shaft  being 
also  fluted  between  them  so  as  to  afford  air-passiiges  under  the 
discs. 

To  form  the  Pacinotti  teeth,  the  outer  periphery  of  each,  disc 
is  punched  symmetrically  with  respect  to  the  inner  horns,  so  that, 
when  the  discs  are  threaded  on  to  the  shaft,  recUngular  ^oove» 
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(with  fhe  greater  dimension  radial)  are  formed  along  the  surface 
of  the  core,  and  in  these  grooves  is  placed  the  conductor. 

The  method  of  insulating  the  wire  from  the  core  is  very  effec- 
tual and  somewhat  unique.  Strips  of  mica  are  placed  in  the 
grooves  referred  to,  and  cemented  together  so  as  to  form  a  con- 
tinuous trough.  In  addition  to  this  the  conductor  is  provided 
with  a  double  covering  of  cotton,  and  a  serving  of  silk  at  the 
angles  where  it  is  bent  round  the  edges  of  the  core.  In  threading 
the  discs  upon  the  spindle,  three  spaces,  a  a  a^  are  left  between 
them.  Fan-blades  are  set  in  these  spaces,  and  the  whole  of  the 
plates  are  clamped  together  by  the  cast-iron  end-plates,  a  and  b, 
which  are  screwed  upon  the  shaft  Underneath  the  plate  a,  ^t 
the  end  remote  from  the  commutator,  are  little  air-passages  com- 
municating with  the  flutings,  previously  referred  to,  in  the  shaft ; 
and  when  the  armature  is  rotated,  air  is  drawn  in  as  indicated  by 
the  arrows  under  the  end- plate,  and  along  the  flutings  under  the 
edges  of  the  discs,  and  is  forced  out  at  17  ^  ^  by  th^  fan-blades, 
thus  giving  most  efficient  ventilation. 

Fan-blades,  c  c,  are  also  fixed  to  the  end-plate,  B,  nearest  thft 
commutator,  at  the  back  of  which  they  maintain  a  current  of  aur 
and  prevent  the  accumulation  there  of  dust  or  dirt  There  are 
sixt)  bars  in  the  commutator,  each  fitted  with  a  lug,  as  shown,  for 
connection  with  the  armature  conductor.  The  method  of  securing 
these  bars  is  also  clearly  illustrated.  ^lica  is  employed  not  only 
for  separating  the  bars  from  each  other,  but  also  for  insulating 
them  from  the  bush  and  cone  ring  by  which  they  are  securedi 
The  bush,  which  is  keyed  on  to  the  shaft,  is  of  gun-metal,  but  in 
order  to  obtain  a  higher  pressure  the  cone  ring,  r,  and  nut,  N,  are 
made  of  wrought-iron  instead  of  gun-metal.  The  nut  is  caulked 
with  copper  to  prevent  oil  creeping  down  the  threads,  and  under 
each  journal  at  t  t,  small  tanks  for  waste  oil  are  provided.  The 
groove  in  which  the  collar  of  jth*?  brush  rocking-bar  turns  is  shown| 
at  H  H  This  particular  machine  develops  a  maximum  current  of 
120  amperes  at  loo  volts,  the  speed  being  only  250  revolutions 
per  minute.  It  is  compound-wound,  the  resistance  of  the  arma^ 
ture  being  o*i  ohm,  of  the  series  windings  o'oiy  ohm,  and  of  thd 
shunt-coil  30  ohms. 

A  type  of  machine,  differing  from  those  previously  considered* 
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in  regard  both  to  the  armature  and  the  field,  is  illustrated  in  Ag.  C96. 
It  is  known  as  the  'Victoria '  dynamo,  and  is  a  development  by 
Mr.  AV.  M.  Mordey  of  a  machine  originally  designed  by  Schuckert 
In  the  earb'er  days  of  practical  dynamo- building,  engineers  were 
much  exercised  by  the  comparatively  large  proportion  of  wire  on 
ring  annatures  which  cuts  few  or  n\>ne  of  the  lines  of  force,  and 
which,  therefore,  is  called  idle  wire.  The  Schuckert  machine  was 
designed  to  minimise  (his  as  much  as  possible,  by  flattening  the 
armature  ring,  and  extending  the  polc-pieres  so  as  to  make  them 
embrace  more  of  the  wire  on  the  flattened  sides  of  the  coils.  The 
arrangement  did  not,  however,  altogether  answer  the  anticipations, 
for  by  merely  extending  the  pole-pieces,  the  density  of  the  line< 
of  force  was  diminished,  and,  with  a  magnet  developing  a  certain 
strength  of  field,  it  matters  little  whether  that  field  is  spread  out 
and  the  lines  of  force  cut  by  a  long  piece  of  wire,  or  whether  the 
field  is  more  concentrated  and  onl}  cut  by  a  portion  of  the  same 
wire. 

This  form  of  armature,  even  when  the  best  shape  is  given  to 
the  pole-pieces,  is  in  reality  slightly  less  efficient  than  cither  the 
ordinary  rmg  or  the  drum  form,  but  it  is,  nevertheless,  a  favourite, 
chiefly  because  it  offers  good  facilities  for  ventilation,  is  very  light 
in  construction,  antl  (owing  to  the  sectional  shape  of  the  armature 
coils)  there  is  but  little  tendency  for  the  wires  to  fly  out  when 
driven  at  a  high  speed.  Flat  ring  armatures  are  also  usually  set 
to  rotate  in  a  '  multiple  field,'  that  is  to  say,  the  fleld  is  generated 
by  four,  six,  or  sometimes  eight  poles. 

Fig.  1 96  illustrates  a  four- pole  machine,  four  being  the  number 
most  frequently  employed.  Each  cast-iron  pole-piece  which  partly 
embraces  the  armature  has  connected  to  it  two  cylindrical  wrought- 
iron  cores,  the  outer  ends  of  these  cores  being  bolted  to  the  cast- 
iron  standards  forming  the  yokes. 

The  two  coils  on  each  pair  of  cores  are  so  wound  that  their 
similar  poles  are  adjacent  to  the  cast-iron  pole-piece  between 
them,  thus  developing  a  strong  field  from  the  pole-piece.  These 
pole-pieces  are  magnetised  in  this  way  alternately  north  and  south, 
the  arrangement  of  the  entire  field  being  that  shown  in  fig.  197, 
where  the  direction  of  the  lines  of  force  through  the  armature 
core  when  it  is  at  resf  and  the  field  undistorted,  is  shown  by  the 
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arrow-heads.     The  lines  of  force  enter  at  the  outer  circumference 
and  also  at  both  sides  of  the  armature. 

As  the  diameter  of  commutation  is  at  right  angles  to  the 
lines  of  force,  and  as  in  this  multiple  field  there  are  two  such 
diametei8|  a  b  and  c  d,  two  sets  of  brushes  would  appe^  to  be 
jiecessary.  This  will  be  more  apparent  if  we  consider  the  induc- 
tive effects  upon  a  single  coil  during  a  complete  revolution.  Sup- 
posing the  coil  to  start  from  a,  where  its  plane  is  at  right  angles 
to   the  lines   of  force,  its  Piaior. 

upper  portion  will,  in  ap-  ^ 

proaching  the  pole-piece,  N, 
cut  the  lines  of  force  from 
above,  and  in  passing  from 
N  to  D  it  will  cut  other  lines, 
opposite  in  direction,  from 
below,  the  result  being  that 
the  induced  current  is  in  one 
direction  only  during  the 
whole  journey  from  a  to  d. 
Here  the  reversal  takes 
place^  for  the  coil,  in  ap- 
proaching s,  cuts  these  lines 
from  above,  and,  passing  s, 
cuts  opposite  lines  from  below,  whence  another  continuous  cur- 
rent is  generated  while  the  coil  is  travelling  from  D  to  D,  where  a 
second  reversal  takes  place ;  and  similarly  with  the  other  quad- 
rants, the  third  reversal  occurring* at  c,  and  the  fourth  at  A.  Or, 
viewing  the  matter  from  another  standpoint,  since  the  reversal  of 
the  current  takes  place  at  that  moment  when  the  maximum  number 
of  lines  of  force  is  projected  through  a  coil,  and  as  this  maximum 
occurs  at  the  point  midway  between  each  pair  of  pole-pieces  (the 
field  being  still  undistorted),  it  will  be  evident  that  the  current 
must  be  reversed  as  the  coil  passes  the  points  a,  d,  c,  and  i>. 
Therefore,  were  Ihe  armature  joined  up  in  the  ordinary  way,  one 
pair  of  brushes  must  be  pkiccd  on  the  diameter  a  u  and  another 
on  the  diameter  c  d,  to  collect  the  current  frx)m  all  the  coils. 

To  avoid  this  inconvenient  arrangement  a  simple  modification 
is  made  in  the  winding.     As  every  pair  of  diametrically  opposite 
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Fig.  198. 


coils  is  at  every  stage  undergoing  precisely  the  sahic  inductive 
effect  as  the  pair  of  coils  situated  at  right  angles  to  it,  it  follows  that 
every  two  such  pairs  of  coils  can  be  permanently  joined  together 
in  parallel,  for  they  are  at  every  moment  developing  equal  e.m.f.'s. 
By  this  device  only  two  brushes  are  necessary,  one  being  set  90" 
ahead  of  the  other. 

'fhe  method  by  which  this /cross-connecting*  is  effected  in 
the  Victoria  machine  practically  consists  in  joining  together  the 
diametrically  opposite*  commutator  bars,  as  illustrated  in  fig.  198. 

In  this  machine,  as  in  every  other,  the  reaction  of  the  armature 
distorts  the  field  and  necessitates  a  forward  lead  being  given  to 

the  brushes,  which,  how 
ever,    arc   always   sepa 
rated  by  the  same  anglo, 
viz.   90".     It  must  also 
be  pointed  out  that  there 
are    always    four   paths 
open     to    the     current 
through    the   armature, 
and    that  therefore   the 
resistance  from  brush  to 
brush    is    but    one-six 
tccnth  of  what  it  would 
be  were  the  whole  of  .the 
coils    joined    in   series. 
The  low  resistance  thus 
obtained  is  an  important 
feature  in  favour  of  multiple  pole  machines,  for,  in  order  to  get 
with  the  ordinary  ring  or  drum  winding  an  equally  low  resistance, 
the  conductor  would  have  to  be  so  massive  that  meehanical  con 
struction  would  be  far  less  easy,  and   eddy  currents  would   T>c 
generated  in  the  conductor  itself  unless  prevented  by  laminatioju 
In  the  case  of  a  six-pole  machine  constructed  on  similar  llncy, 
either  six  brushes  must  be  used,  or,  as  is  actually  done,  the  com- 
mutator segments    lao**   apart,   joined    together   in    threes,    two 
brushes  being  then  emplo3red  with  an  angle  of  60®  between  them. 
In  this  class  of  machine,  however,  the  adjacent  polc-pieccs, 
being  of  opposite  polarity,  must  not  approach  each   other  loo 
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closely,  otherwise  an  unduly  large  proportion  of  the  lines  of  force 
will  leak  across  the  air-space  instead  of  passing  through  the  arma- 
ture, and  in  any  case  the  armature  must  be  provided  with  sufficient 
iron  to  make  the  magnetic  resistance  low.  Special  care  must  also 
be  taken  with  the  lamination  of  the  armature  core.  It  will  be 
remembered  that  the  eddy  currents  induced  in  a  rotating  core,  as 
m  any  other  moving  conductor,  are  at  right  angles  to  the  lines 
of  force  of  the  field,  and  also  to  the  direction  in  which  the 
conductor  is  moving.  In  the  case  of  the  ordinary  simple-field 
machme,  the  lamination  of  the  armature  presents  little  difficulty  as 
the  lines  of  force  enter  it  from  the  outside  circumference  only. 
But  the  pole-piece  embraces  a  flat-rmg  annature,  and  the  lines  of 
force  enter  at  the  sides  as  well  as  at  the  circumference,  and  it  is 
therefore  necessary  to  laminate  the  core  in  two  directions,  so  as 
to  avoid  currents  being  induced  either  radially  or  in  a  direction 
parallel  to  the  shaft. 

For  this  reason,  an  unusually  large  proportion  of  the  space 
mside  the  coils  of  a  flat  ring  armature  is  occupied  by  insulating 
material  instead  of  iron. 

Referring  again  to  fig.  197,  it  will  be  seen  that  the  direction  of 
the  lines  of  force  through  the  armature  is,  as  it  rotates,  trequenlly 
reversed,  and  that  the  number  of  reversals  per  revolution  would  be 
increased  by  increasing  the  number  of  poles.  Such  changes  in 
magnetisation,  if  too  rapid,  would  heat  the  core  considerably, 
and  impair  the  efficiency  of  the  machine,  and  this  fs  one  reason 
why  more  than  six  poles  are  rarely  employed. 

Fig.  199  is  a  sectional  side-elevation,  showing  the  construction 
of  the  Victoria  dynamo,  fig.  200  being  an  end  elevation,  half  in 
section,  of  the  same  machine. 

The  core  is  built  up  by  winding  iron  tape,  0*012  in.  thick 
and  about  half  an  inch  wide  (with  thin  paper  insulation),  round  a 
stiff"  wrought-iron  foundation  ring,  which  is  of  the  same  width  as  the 
completed  core,  and  is  slotted  on  both  edges  at  four  equi-distant 
places.  The  four-armed  gun-metal  spider  s  (fig.  200)  is  made  in 
two  halves,  held  tightly  together  by  hexagonal  nuts  screwing  on  to 
the  shaft,  to  which  also  the  hub  is  keyed.  A  bolt  likewise  passes 
through  each  of  the  arms,  and  when  this  divided  spider  is  thus 
rigidly  held  in  position,  a  little  projection  from  the  outer  extremity 
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of  each  arm  fits  tightly  into  one  slot  of  the  wrought-iron  foundation 
ring,  and  also  extends  a  short  distance  into  the  core,  a  few  of  the 
inner  layers  being  slotted  for  the  purpose. 

The  section  of  the  core  is  rectangular,  and  its  radial  deptn  ia 
considerably  less  m  proportion  than  that  of  the  early  flat  ring  ar- 
matures. Comparatively  few  of  those  lines  of  force  which  enter  at 
the  outer  circumference  oenetratc  through  the  wbo'e  depth  of  the 
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core,  and  consequently  the  lamination  near  the  foundation  ring  need 
not  be  carried  to  a  very  great  extent  to  prevent  the  flow  of  currents 
in  a  direction  parallel  to 'the  shaft  In  some  recent  A'^ictoria 
machines,  the  strips  are,  for  this  reason,  narrower  and  more 
numerous  towards  the  outer  circumference  than  near  the  inside. 

The  armatui£  conductor  is  rectangular  in  section,  insulated 
with  tape,  and  is  wound  in  one  continuous  spiral  round  the  core, 
the  connections  from  the  commutator  bars  being  soldered  on  at 
the  proper  points  on  the  inside  of  the  ring. 

The  armatures  of  the  smaller  machines  arc,  however,  wound 
with  ordinary  circular  wire,  cotton-covered  aiid  well  varnished. 

<l  •  2 
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Each  of  the  vertical  standards  forming  the  yokes  is  cast  in 
two  pieces,  which  are  bolted  together,  so  that  the  upper  portion  of 
each,  with  the  two  upper  field-magnets,  can  be  removed  to  afford 
access  to  the  armature.  This  arrangement  is  shown  in  the  figures, 
from  which  it  will  further  be  seen  that  the  upper  part  of  the 
bearings  can  also  be  detached,  thus  enabling  the  armature  to^  l>e 
easily  lifted  out  of  its  position  when  necessary  for  examination  or 
repair. 

As  in  all  other  machines,  it  is  necessary  for  the  spac^  be- 
twcen  the  field-magnet  and  the  aniiature  to  be  as  small  as  possible, 
and  since  the  pole-pieces  extend  over  the  sides  of  the  latter,  ft  is 
clear  that  there  must  be  no  end  play,  or  shifting  of  the  shaft  length- 
ways ;  this  is  effectually  prevented  ^>y  the  long-grogvcd  bearing 
shown  to  the  right  in  fig.  199. 

These  machines  are  series,  t^huni,  or  compound-wound^  as 
required.  One  built  for  the  authors  for  educational  purposes  can, 
by  means  of  a  switch  fixed  on  the  top  of  the  framework,  be  con- 
nected up  for  any  one  of  these  systems  at  pleasure. 

'ITie  machine  illustrated  i^  intended  to  be  driven  at  i,oq.o 
revolutions  per  minute,  and  is  then  cj]xible  of  developing  15,000 
watts  in  the  external  circuit,  at  a  terminal  ]X>tential  difference  of 
110  volts. 

A  multipolar  flat  ring  machine  is  also  manufactured  by  the 
Gulchcr  Company,  and  the  latest  type  of  this,  known  as  tho 
'  Battersca  '  dynamo  (fig.  201),  is  worthy  of  si^ccial  notice.  As  has 
been  remarked,  such  machines,  while  slightly  less  efficient  than 
other  forms,  present  in  »ome  respects  fewer  difficulties  in  con- 
struction, and  the  Battersca  dynamo  i«,  from  a  mechanical  point 
of  view,  as  well  as  electrically^  an  exceptionally  good  specimen. of 
its  -lass. 

Fig.  202  givc9  a  longitudinal  section  through  a  machine  of 
recent  construction,  a  side  elevation  being  shown  in  fig.  %<i'^.  It 
is  a  four-pole  machine,  ha\-ing  an  output  of  12,000  watts. 

The  foundation  of  the  armature  core  is  the  rim  of  a  strong  gun- 
metal  wheel,  which  has  four  radial  arms.  The  hub  of  the  wheef 
bears  on  one  side  against  a  dollar  on  the  Steel  shaft,  as  shown  to 
the  right  in  fig.  202  ;  it  is  held  tightly  in  |x>Kition  on  the  other 
side  by  a  steel  nut  which  scre\\8  on  to  the  bliafl.     The  core  itficIC 
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consists  of  soft  iron  wire  rectangular  m  cross-section,  and  in- 
sulated with  cotton.  It  is  ;vound  round  the  foundation-ring  undei 
high  tension,  the  core  thus  built  up  being  very  strong  and  rigid. 

We  have  referred  to  the  necessity  for  lamination  in  two  direc- 
tions ;  and  the  smallness  of  the  wire,  and  the  efficiency  of  its  insu- 
lation practically  eliminate  eddy  currents,  while  the  thinness  of  the 
insulation  and  the  tightness  of  the  winding  reduce  the  waste  of 
space  to  the  lowest  possible  limit. 

The  armature  conductor,  which  is  a  copper  strip,  is  wound 
over  this  core  (embracing  also  the  rim  of  the  supporting  wheel)  in 
a  single  layer  *  the  strip  is  .rectangular  in  section,  its  dimensions 
being  calculated  so  as  to  just  occupy  the  allotted  space  round  the 
circumference,  and  thus  the  distance  between  the  pole-faces  and 
the  core  is  made  a  minimum.  By  the  device  of  cross-connecting, 
the  current  is  collected  from  a  single  pair  of  brushes,  placed  90^ 
apart  The  method  of  connecting  diametrically  opposite  pairs  of 
coib  in  parallel  is  unique.  On  the  shaft  bet<('een  the  armature 
and  commutator  is  fixed  a  wooden  sleeve,  over  which  a  number  of 
flat  copper  nngb  are  slipped.  These  rings  are  carefully  insulated, 
and  each  has  two  lugs  projecting  at  opposite  extremities  of  a 
diameter ;  a  radial  saw  cut  is  made  in  each  lug,  just  large  enough 
for  a  copper  conductor  strip  to  be  pressed  in  and  soldered.  The 
rings  are  so  arranged  that  their  lugs  form  a  spiral  round  the 
shaft,  and  those  connecting  strips  which  lead  from  diametrically 
opposite  coils  of  the  armature  to  the  commutator,  are  soldered  to 
the  lugs  of  the  same  ring.  In  this  way  diametrically  opposite  bars 
of  the  commutator  are  joined  together  :  one  such  connection  is 
shown  at  the  ring  nearest  the  commutator  in  fig.  202. 

The  circular  cast-iron  end  frameb  formmg  the  yokes  to  the 
field-magnets  are  in  two  halves  bolted  together,  tlie  lower  half 
being  also  bolted  to  the  bed  plate,  as  shown  in  the  illustrations. 
These  yoke-pieceb  are  very  masbive,  and,  as  the  surfaces  of  contact 
between  them  and  the  wrQught-iron  cores  are  large  and  close- 
fitting,  the  magnetic  resistance  is  low,  and  a  large  proportion  of 
the  Imes  of  force  are  led  into  the  armature. 

The  wholf^  armature  conductor  ofTt^rs  but  little  resistance,  and 
as,  by  the  cross  .connecting,  this  is  reduced  to  one-sixteenth  of  the 
resistance  which  would  be  offered  were  all  the  coils  joined  in 
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series,  but  little  power  is  absorbed   in   the  armature,  and  the 
machine  is  self-regulating  through  a  considerable  range 

The  commutator  consists  of  eighty  copper  bars,  with  mica 
insulation,  Axed,  as  shown  in  the  drawing,  b)  a  gun-mctnl  nut  and 
washer,  over  a  gun-metal  sleeve. 

In  smaller  machines,  circular  copper  wire,  instead  of  rectangu 
lar  strip,  is  employed  for  the  conductor,  and  the  magnetic  resist- 
ance of  the  core  is  even  further  reduced  by  covering  the  iron  wire 
with  silk  instead  of  cotton,  the  former  occupying  much  Icsh  npncc 
than  the  latter. 

In  concluding  this  chapter,  we  may  with  advantage  pass  a 
few  further  remarks  concerning  the  losses  which  reduce  the  effi- 
ciency of  a  dynamo.  Omitting  the  power  absorbed  in  overcoming 
the  conductor  resistance,  which  can  easily  be  calculated,  the  losses* 
may  be  classified  under  three  general  heads  :  {a)  Mechanical 
friction ;  {p)  Eddies  in  conductor ;  (r)  Losses  in  annature  core. 
The  friction  occurs  principally  at  the  bearings— for  the  commutator 
brushes  should  exert  only  just  sufficient  pressure  to  insure  reliable 
cpntact — and  the  loss  due  to  this  cause  increases  regularly  with 
the  speed  at  which  the  machine  is  driven.  When  the  conductor 
is  massive,  as  in  the  case  of  a  bar  armature,  the  eddy  currents  in 
it  may  be  Sufficiently  important  to  absorb  a  considerable  amount 
of  i)ower,  and,  as  we  have  seen,  such  conductors  are  frequently 
liiminated,  or  sometimes  braided  wire  is  employed,  to  prevent 
the  circulation,  of  the  currents.  lamination  of  the  irOn  core,  if 
properly  perfonned,  also  reduces  to  a  minimum  the  eddies  in  the 
iron  ;  but  there  is  another  source  of  loss  which  arises  when  li^es 
of  force  passing  through  iron  are  rapidly  reversed  or  altered  in 
direction,  due  to  a  phenomenon  known  as  hysteresis.  This  loss 
appears  to  be  the  result  of  a  kind  of  internal  friction  between  the 
molecules  of  the  iron,  when  they  change  their  position,  as  wc 
believe  they  dp,  under  the  influence  of  the  magnetising  force.  Al 
any  rate,  it  is  not  possible  to  project  lines  of  force  through  iron, 
or  alter  their  position,  without  a  small  amount  of  work  being  per 
formed  independently  of  that  resulting  in  eddies. 

With  one  particular  specimen  of  iron,  througTi  which  the 
magnetic  induction  was  18,000,  Dr.  JHLopkinson  estimated  thni 
13,000  ergs  were  expended  ia  twice  completely  reversing*  the 
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magnetism,  apart  from  the  energy  reappearmg  as  eddies.  But  as 
any  mechanical  or  other  cause  which  sets  the  particles  of  the  iron 
vibrating  reduces  the  energy  lost  by  hysteresis,  such  calculations 
are  not  directly  applicable  to  the  case  of  the  iron  employed  in  a 
dynamo  machine. 

It  is  a  most  important  matter  to  separate,  if  possible,  these 
sources  of  loss  in  any  dynamo,  in  order  to  ascertain  what  parts  of 
the  machine,  if  any,  need  altering  in  design.  This  separation  has 
very  recently  been  effected  practically  by  ^Ir.  W.  M.  Mordey,  who 
plotted  his  results  in  the  curves  shown  in  fig.  204.  The  machine 
experimented  with  was  a  direct-current  Victoria  dynamo,  with  an 
output  of  18,000  watts,  the  speed  being  varied  up  to  1,200  revolu- 
tions per  minute.  The  armature  core  consist-ed  of  iron  strip, 
o*oi2  inch  thick,  with  thin  paper  insulation,  the  cross-section  of 
the  iron  in  the  core  being  12  square  inches,  and  the  magnetic 
induction  through  it  12,300  cg.s.  lines. 

The  dynamo  had  four  poles,  and,  therefore,  the  lines  of  force 
through  the  core  were  reversed  twice  in  every  revolution. 

The  machine  was  driven  with  the  field-magnets  disconnected, 
the  iron  having  been  deprived  of  its  magnetism  by  a  rapidly  alter- 
nating current ;  and  the  power  then  absorbed,  measured  by  a 
transmission  dynamometer,  gave,  at  various  speeds,  the  value  of 
the  power  spent  in  overcoming  the  mechanical  friction.  Since 
the  iron  in  the  magnet  cores  always  retains  some  magnetism,  a 
small  amount  of  power  would  be  absorbed  in  the  ^production  of 
weak  eddy  currents,  were  this  residual  magnetism  not  carefully 
e;iminated. 

In  fig.  204,  o  M,  representing  the  friction  lo:>s,  is  plotted  below 
the  base  line,  so  that  the  relation  between  the  other  curves  can  be 
more  clearly  seen. 

In  order  to  obtain  the  total  losses  in  the  iron  core,  the  field 
was  separately  excited  to  its  normal  strength  by  'means  of 
secondary  batteries,  and  the  armature  core,  without  the  copper 
conductor,  driven  at  various  speeds,  the  power  absorbed  in  driving 
being  measured  as  before. 

This  power  is  the  sum  of  that  absorbed  by  friction,'  eddies  in 
the  core,  and  hysteresis  ;  and  by  subtracting  the  friction  the  two 
latter  quantities  remain,  and  are  plotted  at  o  N  in  the  figure. 
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On  winding  the  armature  and  repeating  the  experiments,  the 
curve  o  n'  is  obtained,  and  the  difference  between  the  ordinates 
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conductor. 
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But  the  important  problem  is  to  find  a  means  of  separating  the 
hysteresb  and  eddy  current  losses  m  the  core  ;  this  was  accom- 
plished, and  the  line  o  p  represents  the  loss  due  to  the  former. 

The  method  of  separation  is  simple,  and  depends  on  the  fact 
that  while  the  loss  due  to  the  eddies  varies,  with  a  given  number 
of  lines  of  force,  as  the  square  of  the  speed,  the  loss  from  hysteresis 
Id  proportional  to  the  speed  simply. 

Therefore,  if  two  speeds  are  taken,  such  that  one  is  d9uble 
the  other  for  instance,  450  and  900  (see  the  figure) — the  height 
of  the  hysteresis  ordinate,  from  o  m'  to  o  p,  at  the  higher  speed, 
will  be  twice  the  height  of  the  ordinate  at  the  lower  speed ;  while 
the  height  of  the  eddy-current  ordinate  from  op  to  on  will  be 
four  times  as  great  at  the  higher  as  at  the  lower  speed. 

After  a  few  trials,  the  two  points  between  o  vi  and  o  n  which 
satisfy  these  conditions  can  be  found ;  and  the  lin^  o  p,  drawn 
through  these  points,  separates  the  loss  caused  by  hysteresis  from 
that  due  to  ^ddy  currents. 

The  curves  on^  on,  show  the  actual  ..loss  expenmentally 
observed,  but  a  dotted  branch  line  is  added  to  each,  which  indi- 
cates the  curve  which  would  be  obtained  if  the  rate  of  loss  of 
power  had  been  maintained  with  the  increase  of  speed  up  to  1,200 
revolutions.  It  will  be  observed  that  the  actual  loss  agrees  with 
the  calculated  loss  until  a  speed  of  900  is  reached,  from  which 
point  it  falls  below  the  calculated  value.  The  reason  for  this  is 
not  altogether  explainable  at  present,  but,  on  account  of  its  import- 
ance, efforts  will  doubtless  be  made  to  determine  the  relative 
magnitudes  of  the  various  reactions  which  take  place. 

The  vertical  sides  of  the  squares  represent  0*25  of  a  horse- 
power, while  the  honjcontal  sides  represent  100  revolutions  per 
minute,  or  3-3  complete  magnetic  reversals  *  per  second ;  and  it 
will  be  observed  that  although  the  lamination  of  the  core  has  been 
carried  to  a  high  degree,  yet  the  loss  due  to  eddies  is  considerable, 
and  cannot  by  any  means  be  ignored.  One  object  of- these 
experiments  was  to  demonstrate  that,  however  well  laminated,  the 
iron  cores  in  the  armature  of  an  alternating-current  dynamo  arr 
the  seat  of  a  considerable  amount   of  loss,  and   this  has  un 

*  The  symbol  «w  is  used  to  denote  a  complete  aliCTDation  oC  t^  currcnf  .  U 
16,  In  fact,  the  sine  curve  (fig.  lao;  in  miniature. 
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doubtedly  been  proved  to  be  the  case.  Tlie  departure  from  the 
calculated  rate  of  loss  at  the  higher  speeds,  as  evidenced  by  the 
bending  down  of  the  curves,  prevents,  however,  the  method  being 
directly  applied  to  -alternating  machines,  where  the  reversals  are 
considerably  more  rapid  than  when  the  disturbing  causes  begin  to 
manifest  themselves.  But  the  experimenter  is  to  be  congratulated 
upon  having  produced  a  method  which  is  practical,  and  apparently 
reliable  in  the  case  of  direct-current  machines  running  at  a  fair 
speed,  and  which,  at  any  rate,  forcibly  draws  attention  to  diuses 
of  loss  which,  it  is  often  assumed,  are  so  unimportant  that 
they  can  be  ignored. 
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CHAPTER   XL 

DIRECT   CURRENT   DYNAMOS    (oPEN   COIL). 

In  the  armatures  of  the  direct-durrent  machines  hitherto  described, 
all  the  coils  are  connected  together,  and  the  junction  of  each  ad- 
jacent pair  is  joined  to  a  bar  of  the  commutator.  But  there  is  an- 
other method  of  constructing  an  amiature,  in  which  the  coils  arc 
kept  quite  separate,  each  having  in  the  simplest  form  a^  separate 
two-part  commutator,  llic  former  are  known  as  *  closed-coil,' 
and  the  latter  as  *  open-coil '  armatures,  ^[achines  for  developing 
very  high  electro-motive  force  are  usually  built  with  open-coil 
armatures,  an  K.M.F.  of  3,000  volts  being  not  uncommon ;  hence 
such  machines  arc  used  for  electric  lighting  in  cases  where  the 
type  of  the  lamps  and  their  disposition  are  such  as  tc^  require 
the  transmission  of  the  current  through  a  high  resistance.  In  a 
closed-coil  araiaturc  the  k-m.*".  generated  by  every  coil  in  any  and 
every  position,  excepting  at  the  moment  when  it  is  short-circuited 
by  the  brush,  forms  a  part  of  the  total  e.m.f.  of  the  machine.  On 
the  contrary,  in  an  open-coil  armature  the  current  is  collected 
from  a  coil  while  it  is  in  the  position  of  greatest  activity  only,  or 
while  the  e.m.f.  induced  in  it  is  at  its  maximum,  the  coil  being 
thrown  out  of  circuit  during  the  time  that  it  passes  through  the 
period  of  least  activity.  At  the  beginning  of  this  latter  period 
another  coil  enters  the  best  position,  and  commences  to  feed  the 
circuit  The  coils  may  be  wound  either  on  the  ring  or  Hrum 
principle,  but  in  the  former  case  the  two  coils  at  opposite  ex- 
tremities of  a  diameter  are  joined  together  in  series  and  may  be 
treatt^d  as  one  coil. 

Many  of  the  elementary  principles  examined  in  connection 
with  the  machines  already  described,  hold  equally  well  for  those 
with  open-coil  armatures,  and  while  it  is  unnecessary  to  again 
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enter  into  a  lengthy  discussion  of  these  matters,  we  may  say,  briefly, 
that  the  field  will  be  distorted  in  the  same  manner,  and  that 
the  position  of  maximum  activity  for  any  coil  will  be  that  in  which 
Its  plane  is  parallel  to  the  lines  of  force  of  this  resultant  field.  To 
minimise  the  distortion  and  to  obtain  a  high  e.m.f.  for  a  given 
speed  of  rotation,  the  field-magnets  must  also  develop  as  strong  a 
field  as  possible. 

The  high  e.m.f.  developed  requires,  however,  greater  precau- 
tions as  regards  insulation  than  are  taken  with  ordinary,  closed-coil 
machines,  and  this  point  must  be  carefully  1  ept  in  view  in  design- 
ing and  selecting  the  materials  for  the  insulation  both  of  the 
iirmature  and  of  the  field-magnet  coils.  In  closed-coil  machines 
the  potential  difference  between  adjacent  coils  and  commutator 
bars  being  only  a  fraction  of  the  total  potential  difference  at  the 
brushes,  the  difficulties  in  the  way  of  efficient  insulation  ibr  high 
E.M.F.'s  are  riot  so  great  as  might  appear  at  first  sight.  But  while 
in  a  closed-coil  machine  the  number  of  active  conductors  joined 
in  series  is  never  more  than  half  the  total,  in  an  open-coil  machine 
the  proportion  is  not  only  greater,  being  usually  about  two-thirds, 
but  consists  of  those  in  the  most  active  positions,  so  that  the  latter 
class  are  more  suited  to  the  development  of  high  E.M.r.  It  is 
evident,  however,  that  if  the  coils  are  cut  out  of  circuit  while  they 
af^  fairly  *  active,'  there  must  be  some  means  of  dealing  with  the 
inevitable  sparging ;  it  must  either  be  minimised  by  some  arrange- 
ment of  t^e  commutator,  or  its  destructive  action  prevented. 

The  fundamental  principle  of  all  open-coil  dynamos  is  illus- 
trated in  fig.  205.  Twp  pairs  of  coils  are  shown,  wound  round  an 
iron  ring,  at  right  angles  to  each  other.  The  commutator  has 
four  parts,  or,  strictly  speaking,  there  arc  two  two-part  commu- 
tators,  each  part  forming  a  fourth  of  a  circle ;  and  each  of  these 
two-part  commutators  is  connected  to  the  ends  of  its  particular 
pair  of  coils.  Two  flat  springs,  B|  and  Bj,  act  the  part  of  brushes, 
and'  to  simpUfy  matters  we  will  assume  that  the  field  b  undis- 
torted.  Since  v^^e  desire  to  take  the  current  from  the  coils  while 
they  are  at  their  maximum  activity,  the  brushes  must  be  placed 
parallel  to  the  lines  of  force,  a  position  exactly  opposite  to  that  of 
the  brushes  on  a  closed-coil  machine.  The  two  horizontal  coils 
by  this  arrangement  deliver  their  current  to  the  external  circuit. 
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while  the  vertical  ones,  being  comparatively  idle,  are  entirely  dis- 
connected. The  activity  of  the  horizontal  pait  decreases  from 
this  point,  and  when  the  armature  has  revolved  through  another 
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45 •  ihey  arc  thrown  out  and  the  other  coils  begin  to  feed  the 
rircuit.  Each  pair  is  thus  joined  up  and  disconnected  alternately 
for  a  period  equal  to  a  quarter  of  a  revolution,  and  an  ammeter 
placed  in  the  external  circuit  would  indicate  a  current,  continuous 


in  direction,  but  fluctuating  considerably  in  strength.  Greater 
steadiness,  that  is  to  say,  a  nearer  approach  to  constancy,  can  be 
obtained  by  increasing  the  number  of  coils,  although  it  is  not 
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passible  to  get  a  current  so  nearly  constant  as  that  which  a  good 
closed-coil  dynamo  can  generate.  In  fig.  206  the  number  o^ 
coils  is  increased  to  eight,  that  is,  four  pairs.  The  two  coils  at 
Qpposite  extxemities  of  a  diameter,  A|  a^  for  instance,  are  joined 
together  to  form  a  pair  ^  as  before,  but  to  avoid  a  complicated 
diagram  this  connection  is  not  shown  and  the  distortion  of  the 
field  is  again  ignored  Each  pair  has  its  commutator,  the  seg- 
ment?  of  which  are  (including  the  insulating  space  between  the 
adjacent  segments)  one -eighth  of  a  circle,  or  45®  in  length,  and 
therefore  each  pair  of  coils  is  connected  to  the  brushes  for  one- 
eighth  of  a  revolution  only.  The  maximum  £.m.f.  is  the  same  as 
in  the  last  case,  and  as  the  minimum  does  not  fall  so  low,  the 
resulting  current  is  more  nearly  uniform.  It  will  probably  occur 
to  the  student  that  the  coils  .D]  d^  and  Bj  b„  although  far  less 
active  than  A|  a^  are  yet  in  a  position  where  they  can  generate  a 
considerable  e.icf.  and  that  they  might  with  advantage  be  allowed 
to  assist  But  they  must  not  be  joined  up  \nfarallel  with  a,  a„ 
since  their  E.M.F.  is  so  much  less.  Otherwise  we  should  get  a 
result  similar  to  that  obtained  when  a  Grove  cell  and  a  Daniell  cell 
are  joined  up  in  parallel,  that  is,  the  Grove  cell  urges  a  backw<^d 
current  through  the  Daniell  because  it  has  a  higher  E.M.F.;  and 
the  external  circuit  gets  actually  less  current  than  if  the  latter 
cell  were  removed  altogether.  But  if  the  two  are  joined  up  in 
series  then  the  external  circuit  gets  the  whole  current  resulting 
from  the  sum  of  their  two  e.]^lf/s.  In  the  same  way,  if  the  effect 
of  the  coils  in  positions  of  less  activity  is  to  be  utilised,  they  must 
be  joined  up  in  series  and  not  in  parallel  with  those  developing 
the  higher  e.m.f.  We  will  explain  how  this  matter  is  arranged  in 
what  is  perhaps  the  best  open-coil  machine,  vim  the  '  Brush ' 
dynamo.  Now  in  the  case  of  a  set  of  four  pairs  of  coils  rotating 
in  a  uniform  field,  as  in  fig.  206,  it  is  clear  that  at  one  time,  only 
one  pair  of  cofls  can  be  in  the  best,  and  only  one  pair  in  the 
worst,  position  for  generating  p  current  On  the  otner  hand  it  is 
possible  for  two  pairs  to  be  equally  active  in  an  intermediate 
position,  and  this  will  happen  when  they  malce  dni-angle  of  45"* 
with  the  lines  of  iotot.  that  is^  in  the  position  oreupied  by  D|  Bt, 
and  Di  D|.  In  the  Brush  dynamo,  when^thij  armature  consists  of 
eight  coils,  two  pairs  of  brushes  are  employed,  one  collecting  tho 
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current  from  the  cofls  in  the  best  position  onl),  A|  a,,  while  th«^ 
other  joins  up  the  two  pairs  of  coils  in  the  intermediate  position, 
Hi  n„  Di  D},  in  parallel^  and  collects  the  current  from  them.  The 
two  pairs  of  brushes  are  joined  in  series,  and  thus  the  E.M.F.  of 
the  mtermediate  coils  is  added  to  that  of  the  coils  in  the  best 

|V)sition,  onl)  one  pair,  as  C|  Cj, 
being  thrown  idle  at  a  time. 
As  the  mtermediate  coiLs  are 
placed  in  parallel  their  e.m.f.  is 
the  same  as  that  of  one  of  them, 
the  resistance  being,  however, 
halved.  In  order  to  make  this 
quite  clear  we  may  represent  a 
pair  of  coils  as  we  do  a  primary 
cell,  and  then  show  the  arrange 
ment,  as  in  fig.  207,  where  a  represents  the  most  active,  and  r 
the  least  active  pair  of  coils,  d  and  d  being  those  in  the  inter- 
mediate stage.  When  the  armature  has  turned  through  anothei 
45^,  the  B  coils  are  idle,  the  d  are  at  the  maximum,  and  the  a 
and  c  in  parallel,  as  shown  in  fig.  208. 

The  commutator,  by  means  of  which  these  changes  are  effected, 
K  illustrated  in  fig.  209.     It  is  divided  into  two  portions,  each 

complete  in  itself,  and  consist 
ing  of  four  thick  T-shaped 
pieces  of  brass  separated  from 
the  shaft  by  rings  of  insulating 
material,  eg;  the  T-shaped 
sections  being  insulated  from 
each  other  by  air-spaces.  The 
brushes,  pqrs,  are  formed  of 
flat  copper  strips,  and,  as  shown 
by  the  dotted  lines,  are  suffi 
ciently  wide  to  cover  the  whole 
width  of  the  commutator  rings.  The  ends  of  a  pair  of  coils  are 
joined  to  diametrically  opposite  segments  or  sections  as  indicated 
in  the  figure,  the  lettering  in  this  illustration  corresponding  to 
that  in  fig.  206.  One  of  the  commutator  rings  is  fixed  on  the 
shaft  45**  in  advance  of  the  other,  the  consequence  of  which  is 
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that  \*'<\en,  on  one  ring,  each  of  the  brushes  is  resting  on  one  sec- 
tion only,  as  at  a,  then  each  brush  on  the  other  ring  is  in  contact 
v^ith  two  sections,  as  at  B,  D.  The  student  will  perceive  that  in  the 
<ase  illustrated  the  sections  of  the  left-hand  commutator  ring  have 
^'oined  to  them  the  two 
*>airs  of  coils  which  are 
in  the  intermediate 
position,  and  therefore 
require  to  be  placed  in 
parallel,  while  the  right', 
hand  ring  has  joined  to 
it  the  pair  (a)  which  is 
in  the  best  position  and 
also  the  pair  which, 
being  inactive,  is  dis- 
connected. 

In  fig.  210  the  two  double  commutators  are  developed  or 
spread  out,  side  by  side,  to  make  the  matter  clearer,  the  lettering 
of  the  coils  being  the  same  as  in  fig.  206.  The  path  of  the 
current  is  easily  traced.  It  passes  round  the  pair  of  coils,  a,  a„ 
the  brushes  p  and  q  (by  which  it  enters  and  leaves),  each  resting 
on  one  section  only,  because  those  coils  are  in  the  best  position. 
The  current  then  passes  direct  to  the  brush  r  (on  the  left-hand 
part  of  the  commutator),  which,  resting  on  two  sections,  affords  a 
path  through  Bj  b,  and  d,  d„  in  parallel.  The  brush  s,  by  which 
it  finally  leaves,  is  connected  to  one  end  of  the  field-magnet 
coilSy  F  M  ;  the  coils  Cj  c,  are  disconnected.  Such  is  the  action 
which  takes  place  in  a  Brush  dynamo  having  four  pairs  of  coils  in 
its  armature 

The  artual  machine  is  depicted  in  figs.  211  and  212,  the  latter 
©f  which  is  an  elevation  from  the  commutator  end.  The  cores 
of  the  field-magnets  are  almost  oblong  in  section,  and  are  securely 
bolted  to  cast-iron  uprights  which  form  the  yokes.  These  two 
horizontal  horse-shoe  field-magnets  are  placed  with  their  similar 
poles  opposite  each  other,  and  project  a  powerful  field  round  the 
annature.  There  is  an  unusually  large  quantity  of  u-on  in  the 
armature  core,  and  careful  lamination  is  needed  to  reduce  the  loss 
of  energy  due  to  eddy  currents. 
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The  method  of  building  up  thu  core  is  illustrated  in  fig.  313. 
A  thin  soft  iron  ribbon  is  wound  in  a  continuous  spiral  round  an 
iron  foundation  ring  a*  Between  the  successive  convolutions  of 
the  ribbon,  and  held  by  them  as  the  process  of  construction  is 
carried  out,  are  placed  H-shaped  iron  stampings,  s,  of  the  same  thick- 
ness as  the  ribbon.    The  connecting  portion  of  these  stampings 

Fig.  sio. 
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lies  wholly  within  the  turns  of  the  ribbon,  the  ends  then  projecting 
and  forming  spaces,  as  at  b,  within  which  the  coils  are  wound. 
The  stampings  are  all  of  one  size,  so  that  adjacent  sets  in  the  inner 
portion  of  the  ring  are  nearer  to  each  other  than  in  the  outer  por- 
tion, while  the  sides  of  the  channels  in  which  the  wire  is  wound 
are  parallel.    The  whole  is  rigidly  fixed  together  by  means  of 
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insulated  bolts,  h^ 
passed  radially 
through  the  H-pieces, 
the  spiral  ribbon  and 
the  foundation  ring/ 
a',  as  shown  in  the 
sectional  view.  The 
stampings  and  rib- 
bon are,  however, 
proportionally  much 
thinner,  and  the 
number  of  turns  is 
much  more  nume- 
rous than  shown  in 
the  figure.  The  loss 
occasioned  by  eddy 
currents  is  thus  re- 
duced to  a  minimum. 

The  armature 
coils  are  insulated 
from  the  core  by 
sheets  of  canvas  and 
paper,  treated  freely 
with  shellac  va'rnish, 
the  layers  of  wire 
being  insulated  by 
cotton-cloth  The 
ends  of  each  pair 
of  coils  are  carried 
along  the  shaft  to 
their  proper  sections 
of  the  commutator. 

The  field-magnet 
coils  are  also  care- 
fully insulated  from 
their  cores  by  vul- 
canised fibre  and 
varnished  paper,  the! 
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different  layers  being  separated  as  in  the  case  of  the  armature  by 
cotton-doth.  These,  coils  are  joirted  up  in  series,  and  as  the 
current  generated  by'  the  machine  fluctuates  more  or  less,  there 

is  a  tendency  for  eddy 
currents  to  be  induced  in 
their  unlaminated  cores. 
This  is  overcome  by  the 
Simple  device  of  interpos- 
ing between  the  coils  and 
the  iron  a  thin  tube  of 
copper,  in  which  the  cur- 
rents are  induced  instead 
of  in  tb^  iron.  These  in- 
duced currents  tend  to  re- 
duce (he  fluctuations  of 
the  primary  current 

The  pole-pieces  are  ex- 
tended 50  as  to  embrace 
an  unusually  large  portion 
of  the  armature,  and  the 
opposite  pole-pieces  being 
similarly  magnetised,  the 
lines  of  force  are  not  projected  axially  through  the  armature  ;  but 
entering  the  core  on  both  sides,  by  the  projections  formed  by  the 
H -pieces,  tend  to  pass  circumferentially  round  a  portion  of  the  core 
and  leave  it. at  another  set  of  H-pieces,  near  the  other,  poles,  the 
lines  of  force  being  in  this  way  urged  through  and  cut  by  the 
coils  as  they  rotate. 

The  diameter  of  greatest  activity  is  approximately  in  a  line 
with  the  upper  horn  of  the  right-hand  pole-piece,  and  the  lower  horn 
of  the  left-hand  p61e-piece  (fig.  212),  as  will  be  gathered  from  the 
position  of  the  brushes,  the  direction  of  rotation  being  left-handed 
as  viewed  from  the  coinmutator  end.  As  the  machine  is  regulated 
to  give  a  nearly  constant  current,  the  reaction  of  the  armature  on 
the  field,  and  therefore  also  the  lead  of  the  brushes,  varies  only 
very  slightly  under  ordinary  changes  in  the  load. 

The  machine  illustrated  is  designed  to  supply  55  arc-lamps 
in  series,  with  a  current  of  10  amperes.     Th^  figures  are  both 
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drawn  to  scale,  the  principal  dimensions  being :  length  of  bed- 
plate 7  ft.  10  in.,  width  2  ft  5  in.,  tieight  of  highest  point  3  ft.  li  in., 
outside  diameter  of  armature  2  ft.  9  in.  The  diameter  of  the  shaft 
is  2}  in.,  its  centre  being  i  ft.  pj  in.  above  the  ground  line.  The 
pulley  measures  18  in.  by  12^  in. 

The  brush-holders  are  connected  to  terminals  on  the  bed-plate 
by  means  of  flexible  copper  strips,  the  method  for  adjusting  the 
brushes  being  shown  in  fig.  212.     Each  pair  is  carried  by.  a  lever, 
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which  can  be  turned  round  the  shaft,  its  range  being,  however, 
limited  by  the  length  of  the  slot  in  the  semicircular  collar  directly 
undcF  the  shaft.  One  end  of  the  lever  is  furnished  with  a  small 
projection  riding  over  a  curved  guiding-fork,  the  position  on  the 
fork  being  fixed  by  means  of  a  set  screw. 

Although  this  machine  is  capable  of  driving  as  many  as  55  arc- 
lamps  joined  in  series  as  its  maximum  load,  the  number  of  lamps 
actually  switched  in  circuit  varies  considerably  from  time  to  time  ; 
hut  the  act  of  switching  out  a  lamp  reduces  the  external  resistance, 
and  the  machine  being  series  wound,  the  current  strength  is  pro- 
portionally increased.  It  is  nevertheless  essential  that  under  all 
conditions  the  same  current  strength — viz.  10  amperes— should  be 
maintained :  hence  some  regulating  device  becomes  necessary.  The 
regulator  devised  for  this  purpose  by  Mr.  Brush  is  ingenious,  and 
is  illustrated  in  fig.  214.  It  consists  of  four  vertical  columns  of  thin 
retort-carbon  plates  separated  by  vertical  slate  partitions.    These 
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columns  are  joined  in  series  between  the  two  terminal  screws  at 
the  top,  connection  being  made  between  the  two  inner  columns  at 

the  top,  and  be- 
tween the  outer 
pairs  of  columns 
at  the  bottom,  b/ 
means  of  carbon 
slabs.  Wires  are 
led  from  the  two 
top  terminals  to 
the  ends  of  the 
6cld-magnet  coils, 
across  which  these 
carbon  columns 
form  a  shunt, 
whose  resistance 
can  be  varied  by 
altering  the  pres- 
sure upon  the 
plates.  This  pres- 
sure is  automati- 
cally increased 
when  the  current 
rises  above  its 
normal  value,  and 
the  resistance  of 
the  shunt  being 
thus  reduced,  a 
larger  proportion 
of  the  current  is 
abstracted  from 
tl\e  field-magnetSj 
and  the  strength 
of  the  field  and 
current  kept  at 
their  proper  value. 
The  method  of  accomplishing  this  is  illustrated  in  the  figure. 
The'two  solenoids  are  joined  up  in  the  main  circuit  by  way  of 
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the  terminals  dhown  at  the  bottom.  Projecting  partly  into  the 
coils,  are  two  soft  iron  cores,  permanently  fixed  to  a  common  yokef- 
piece,  the  centre  of  which  carries  a  brass  rod  attached  at  its  lower 
extremity  to'  one  end  joi  a  lever,  whose  fulcrum  is  a  knife*ed^e  at 
its  extreme  left  end.  \yhen  by  the  switching  out  of  laipps,  or  from* 
any  other  c^use,  the  main  current  passing  through  the  solenoids 
increases,  the  cores  arc  suclcecl  upwards  with  greater  force^  and  the 
block  on  which  the  four  columns  rest  is. raised  through  a  shor^  dis- 
tance by  the  lever,  thus  compressing  the  carbon  plates  and  reducing 
the  shunt  resistance,  with  the  result  that  the'cuhrent  in  the  field- 
magnets  is  proportionally  reduced.  -A  dash-pot  is  attached  to  the 
Iree  end  of  the  Ifever  to  prevent  sudden  o\  jerky  movements,  the 
normal  adjustment  being  obtained  by  means  of  a  spiral  spring  and 
a  few  small  weights  slipped  dver  a*  vertical  pin. 

Brush  dynamos  are  made  in  a  great  variety  of  sizes  and  forms, 
t6  fit  them  for  various  classes  of  work,  the  armature  being  some- 
times wound  with  twelve  coils,  irr  which  three  sets  of  commu- 
tators and  brushes  are  required.  A  very  remarkable  machine 
is  one'  constructed  for  the  purpose  of  smelting  aluminium,  the 
cuirent  required  being  3,200  amperes  with  an  electro -motive  force 
ojf  80  volts.  Its  actual  speed  when  developing  its  maximum 
power  is  a  little  over  400  revolutions  per  minute.  The  .cores  of 
the  field-magnets  are  of  cast-iron  and  cylindrical  in  sha{>e,  with  a 
diameter  of  11  inchea  and  a  length  of  16  inches,  the  total  weight 
of  the  copper  with  which  they  are  wound  amounting  to  542  lbs. 
The  armature  contains  825  lbs.  of  copper  wire,  and  has  an  iron 
core  weighing  1,600  lbs.  The  machine  measures  aboat  15  feet 
^ong  and  4  feet  wi<le,  and  stands  5  feet  high. 

The  only  other  form  of  open-coil  dynamo  in  general  use  is  the 
Thomson-Houston,  of  which  a  general  view  i<%hown  in  fig.  215. 
It  is  a  machine  by  itself,  having  many  peculiar  features,  altogether 
different  from  •  those  of  any  other  wfth  which  we  have  dealt 
There  are  two  field-magnets  placed  horizontally,  with  their  oppo- 
site poles  facing  each  other.  There' is  comparatively  little  iron  in 
the  cores,  each  of  which  consists  of  a  cast-iroh  tube  flanged  at  both 
ends,  and  provided  at  the  armature  end  with  a  spherical  cavity  to 
form  the  pole-piece.  The  shape  of  the  armature  itself  is  that  of  a 
slightly  fiattened'spberc)  somcivhat  like  an  orai\ge,  and  it  revolves 
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between  and  partly  within  the  cup- shaped  pole-piecc»  The  wire 
on  each  field-magnet  core  is  wound  in  the  space  ^between  the 
flanges,  the  outer  flanges  of  the  two  cores  being  wider  than  the 
inner  ones,  and  aflfording  thereby,  means  for  a  number  of  wrought- 
iron  bars  to  be  bolted  through  them.  These  bolts  add  materially 
to  the  mechanical  strength  of  the  machine,  protect  the  coils  from 

Fig.  ats. 


injury,  and  form  the  yoke  of  the  field -magnets.  The  machine,' 
which,  on  accoi/nt  of  the  small  quantity  of  iron  employed  in  its 
construction,  has  but  little  weight,  is  supported  by  comparatively 
light  but  strong  standards,  which  are  bolted  to  lateral  projections 
from  the  flanges  of  the  field-magnet  cores.  These  standards  also 
.^arry  the  armature  bearings. 
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The  manner  in  which  the  armature  core  is  built  up  is  also 
interesting.  Upon  the  shaft  are  keyed  two  stout  cast-iron  discs, 
each  provided  on  its  inner  face  and  near  its  periphery  with  an 
annular  groove.  About  a  dozen  wrought-iron  ribs  are  sprung  into 
the  pair  of  grooves,  so  as  to  bridge  the  space  between  the  discs, 
and  form  a  circular  framework,  rcund  which  a  number  of  layers 
of  varnished  soft  iron  wire  is  wound.  This  forms  the  complete 
core,  into  which,  however,  a  number  of  wooden  pegs  are  fixed,  to 
guide  the  winding  of  the  coils  and  to  hold  the  wire  in  position. 
Before  the  coils  are  wound  on,  the  core  is  insulated  by  layers  of 
paper  fastened  by  means  of  gum-lac. 

The  armature  consists  of  only  three  coils,  and  fig.  2x6  illus- 
trates, in  the  simplest  manner,  the  way  in  which  they  are  wound. 
The  inner  ends  of  the 
three  coils  are  soldered 
together,  as  at  d,  and  the 
junction  carefully  insu- 
lated. Starting  from  this 
junction,  each  coil  is 
wound  over  the  core,  with 
an  angle  of  120°  between 
the  middle  portions  of 
the  coils,  the  three  free 
ends  being  joined,  one  to 
each  segment,  a,  b,  or  c, 
of  the  three-part  commu- 
tator. A  view  of  the 
completed    armature     is  **^ 

shown  in  fig.  217,  and  it  will  be  observed  that  the  overlapping  of 
the  coils  near  the  shaft  causes  the  form  to  become  almost  spheri- 
cal. The  junction  of  the  three  coil-w^ires  is  shown  at  d,  the  free 
ends,  I,  2,  3,  being  brought  out  on  the  other  side  of  the  armature. 
The  coils,  when  finished,  are  bound  round  with  four  binding 
wires,  aa^  passing  several  times  round  the  armature  to  prevent 
the  coils  *  flying.' 

It  is  essential  that  every  armature  should  be  truly  baknced* 
not  only  mechanically,  but  also  electrically — that  is  to  say,  all  the 
coils  should  be  of  the  same  area,  and  equidistant  from  the  core 
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and  pole-pieces,  so  that  the  inductive  effect  on  each  is  prec'sely 
the  same,  and  they  should  be  all  of  the  same  length  and  of  the 
same  resistance.     It  is-  evident,  therefore,  that  it  would  be  inex- 
pedient to  wind  the 
Pig.  ai7.  three  coils  in  this 

spherical  armature 
completely  one  over 
the  other.  But  the 
length  and  the  aver- 
age ""distance  from 
the  core  of  all  the 
coils  is  made  equal 
by  a  very  simple 
method  of  windings 
Starting  at  the  junc- 
tion D,  half  of  one 
coil  is  wound ; 
then,  1 20®  further 
round  the  core,  half 
of  the  second  coil 
is  wound ;  yet  an- 
other I2o^  and  the  uAo/g  of  the  third  coil  is  wound  The  second 
half  of  the  second  coil  is  then  wound  over  its  first  portion,  and, 
finally,  the  remainder  of  the  first  coil  is  wound  over  the  corre- 
sponding first  portion. 

When  the  armature  is  rotated,  cufrents,  alternating  in  direction, 
are  induced  in  each  of  the  coils :  the  reversal,  as  usual,  taking 
place  in  each  case  when  the  plane  of  the  coil  is  at  right  angles  to 
the  lines  in  the  resultant  field.  The  reaction  of  the  armature,  ol 
course,  distorts  the  field  somewhat,  and  shifts  it  round  through  a 
certain  angle  in  the  direction  of  rotation,  as  shown  by  the  dotted 
line  XY  in  the  lower  part  of  fig.  218.  In  this  figure,  each  radial 
line,  A«  B,  c,  represents  one  of  the  armature  coils,  united  in  the 
centre  and  joined  to  its  respective  commutator  segment  The 
current  is  collected  along  the  diameter  of  maximum  activity,  xy, 
by  two  pairs  of  brushes,  d^e,  and/^,  each  pair  being  electrically 
connected.  The  two  brushes  forming  a  pair  are  so  placed  that 
one  presses  on  the  commutator  at  a  distance  equal  to  60®  in 
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front  of  the  other.  The  consequence  of  tKis  arrangement  is  that 
the  most  active  coil  is  joined  ujr  in  series  with  the  remaming  two 
less  active  coils,  which  are  joined  togethcr-in  parallel.  In  the 
case  shown  in  fig.  218,  the  coil  a  is  approaching  the  best  position ; 
while  B  and  c  are  in  the  intermediate  stage,  and  are  therefore 
joined  up  in  parallel.  ^  The  resulting  e.m.f.  is,  consequently,  that 
due  to  the  mean  E.M.F.  of  d  and  c,  added  to  the  separate  E.M.F. 
of  A.  As  the  armature  rotates,  b  approaches  the  best  position,  and 
its  commutator  segment  alone  is  then  in  contact  with  the  brushes 
d^  e^  while  c  and  a,  which  are  brought  to  the  intermediate  positions, 
are  joined  in  parallel.  These  changes  are  continually  repeated  as 
the  coils  pass  through  the  different  portions  of  the  field. 

Fia  ciS. 


As  in  the  case  of  the  Brush  dynamo,  this  machine  being  series 
wound  and  used  on  a  circuit  of  high  resistance  for  driving  a  large 
number  of  arc-lamps  joined  in  scries,  the  switching  out  of  any 
of  the  lamps  tends  to  cause  an  increase  in  the  current  strength, 
while,  conversely,  the  switching  in  of  lamps  causes  a  diminution. 
Hence,  in  order  to  keep  the  current  at  a  nearly  constant  strength, 
some  regulating  device  is  necessary.  The  method  adopted  con- 
sists in  simply  altering  the  position  on  the  commutator  of  the  two 
brushes  forming  each  pair.  It  will  be  observed,  from  the  com- 
mutator in  fig.  218,  that,  the  brushes  being  60*  apart,  no  coil  is 
thrown  out  of  circuit  at  any  part  of  the  revolution,  and  this  is  what 
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we  may  eall  the  normal  state  of  a/Taire.  ^Vhen,  however,  the 
cyrrent  falls  in  strength,  each  pair  of  brushes  is  closed  up  auto- 
matically, so  that  all  the  coils  are,  in  turn,  disconnected  for  a 
moment  when  the>  are  passing  the  neutral  position,  and  are 
therefore  nearly  idle.  The  E.11.P.  of  the  two  coils  in  parallel  b 
the  mean  of  their  individual  e.m.f/8,  and  is,  obviously,  lowered 
by  a  comparatively  idle  coil,  so  that,  at  the  moment  when  the  idle 
coil  is  thrown  out,  the  E.M.F.  resulting  from  the  other  of  the  two 
coils  in  question  is  greater  than  it  wbuld  be  were  they  both  in 
parallel.  If  this  closing  up  of  the  brushes  were  to  take  place, 
then,  when  the  armature  is  in  the  pbsition  shown  in  the  figure,  the 
comparatively  inactive  coil  b  would  be  disconnected,  and  a  and  c 
joined  to  the  external  circuit  in  series.  The  maximum  E.11.F. 
would  be  developed  when  each  pair  of  brushes  is  so  closed  up  as 
to  form  practically  one  brush,  in  which  case  the  least  active  coO 
would  be  always  out  of  circuit  and  the  other  two  joined  up  in 
series.  From  this  point  any  opening  of  the  brushes  puts  two  of 
the  coils  in  parallel  for  a  greater  or  less  interval  of  time,  and 
reduces  the  e.m.p.  actually  developed ;  therefore  when  the  current 
becomes  abnormally  strong,  the  brushes  are  opened  until  the 
K.M.F.,  and,  consequently  also,  the  current,  are  reduced  to  the 
normal  value.  The  motion  given  to  the  brush-holders  by  the 
regulator  is  such  that  the  following  brush  of  each  pair  travels  three 
times  as  fast  as  the  leading  brush. 

The  brushes  d^  e^  /  ^,  are  mounted  on  a  double  lever, 
having  a  scissors-like  movement  about  a  common  centre.  The 
end  of  the  lever  carrj'ing  the  brushes  d  and  /  is  connected 
by  the  bar  h  to  the  armature  k,  under  the  electro- magnet  m. 
This  armature  is  hinged  at  l,  and  when  the  current  in  the  main 
circuit  becomes  excessive,  k  is  attracted,  d  and  /  are  drawn  back 
over  the  commutator,  while  e  and  ^  are  pushed  forward  by  a 
simple  combination  of  levers  not  shown  in  the  figure.  The 
electro-magnet  m  and  the  double  solenoid  p  are  both  in  the 
main  circuit  with  the  field-magnets  f  f  and  the  lamps  c  ;  but 
normally  \i  is  short-circuited  by  wires  whose  circuit  may  be  broken 
at  xy.  The  contact  x  is  attached  to  the  }-oke  of  the  two  cores  of 
the  solenoids,  and  the  first  effect  of  an  increase  in  the  current  is 
to  raise  the  cores,  break  the  contact  at  xy^  and  so  cause  the  whole 


CHAP.  XI. 


Thomson- Houston  Dynamo 


397 
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of  the  current  to  pass  through  m^  which  then  attracts  K  and  open.s 
the  brushes.  A  high  resistance  carbon  shunt  is  inserted  at  s  to 
minimise  the  spark  at  xy.  It  will  be  noticed  that  the  end  of  the 
core  of  M  is  shaped  somewhat  peculiarly  and  fits  into  a  corre- 
sponding cavity  in  the  armature ;  this  shape  is  calculated  to  (dimi- 
nish the  force  of  attraction  uniformly  as  the  armature  recedes 
from  the  core.  The  regulating  apparatus  is  shown  in  position,. in 
fig.  215.  The  small  cylinder  to  the  right  of  the  electro*  magnet 
is  a  dash-pot  for  steadying  the  movements  of  the  lever. 

There  is  one  other  device  pertaining  to  the  Thomson- Houston 
to  which  a  reference  is  necessary,  and  which  is  employed  to 
suppress  the  exces- 
sive sparking  caused 
by  cutting  out  the 
coils  when  fairly 
active  and  which 
would  otherwise 
speedily  destroy  the 
commutator.  The 
segments  are  sepa- 
rated by  air-spaces, 
and  just  in  front  of 
each  leading  brush 
is  placed  a  nozzle 
which  delivers  a 
^ong  blast  of  air  at 
the  moment  that 
the  brush  breaks 
pontact,  and  so  ac- 
hially  blows  out  the 
spark.  The  automatic  'blower'  by  which  these  timely  puffs  are 
delivered  is  shown  in  section  in  fig.  219.  A  circunr  steel  hub^ 
H,  is  keyed  on  to  the  shaft,  x,  and  revolves  left-handedly  in  an 
elliptical  chamber  in  the  fixed  box  tt.  Air%  enters  this  chamber 
through  the  apertures  at  if,  which  are  protected  by  wire-gauze 
coverings.  The  hub  h  is  provided  with  three  radial  slots,  in  and 
put  of  which  the  rectangular  ebonite  slips  can  slide  freely.  As 
the  shaft  rotates  these  slips  fly  outwards  by  centrifugal  force,  and. 
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ptessing  continually  against  the  walls  of  the  chamber,  force  the  air 
in  front  of  them  and  out  at  the  holes  a  n,  to  each  of  which  is  con- 
nected one  of  the  two  nozzles  above  referred  to.  The  chamber 
is  fixed  to  the  framework  of  the  machine  in  the  necessary  position 
for  the  maximum  force  of  the  blast  to  take  place  at  die  right 
moment  o  is  a  vessel  from  which  oil  passes  into  the  elliptical 
chamber  through  the  aperture  /. 

The  machine  illustrated  is  designed  to  supply  a  current  of 
about  9^  amperes  to  34  arc-lamps  in  series.  The  armature  is 
2  feet  in  diameter,  over  all,  and  the  resistance  of  the  field-magnets 
and  of  the  armature  is  in  each  case  10^  ohms. 

In  addition  to  the  dynamos  which  have  been  described  in  this 
and  the  preceding  chapters,  there  are  many  others  to'which  the 
scope  of  this  work  has  not  permitted  us  to.  refer,  although  some  of 
them  are  well  worthy  of  study.  We  believe,  however,  that  quite 
enough  has  been  said  to  give  the  student  a  good  insight  into  the 
science  of  dynamo-building  as  it  is  now  practised.  "NMiere  we 
have  given  sectional  views  or  working  drawings,  they  have  for  the 
most  part  been  specially  prepared  for  this  work  and  refer  to 
machines  manufactured  since  the  summer  of  1889. 

A  comparison  of  these  chapters  with  works  of  a  similar  charac- 
ter published  a  few  years  ago,  will  show  that  the  modem  trend 
in  dynamo  design  is  towards  simplification  and  uniformity  of 
detail..  As  an  example  of  the  latter,  we  may  cite  the  construction 
of  commutators,  in  which  the  materials  now  employed  are  nearly 
always  exactly  alike,  while  in  the^  maimer  of  building  up  the  parts 
so  as  to  prevent  the  sections  flying  out,  there  is  very  little  real 
difference  to  be  found.  This  similarity  is  what  might,  perhaps,  be 
anticipated,  for  if  the  vast  number  of  experiments  which  have 
been  performed  by  the  various  manufacturers  to  determine  which 
is  the  best  appliance  to  perform  a  given  kind  of  work,  have  been 
equally  exhaustive  and  accurate,  an  almost  identical  result  'Should 
have  been  arrived  at.  Thus,  no  metal  has  been  found  superior  to 
hard-drawn  copper  for  the  bars  of  a  commutator,  while  for  the 
extremely  difficult  task  of  satisfactorily  insulating  these  bars  in  the 
case  of  a  closed-coil  commutator,  nothing  has  been  discovered 
which  approaches  mica  ;  indeed,  were  this  mineral  not  available, 
it  is  probable  that  some  alteration  would  have  had  to  be  effected 
in  the  general  design. 


CEAP.  XI.  Summaty  399 

Great  things  were  at  one  time  expected  of  asbestos  for 
insulating  purposes,  but  it  proved  to  be  a  good  absorbent  of  oil 
and  was  charred  by  the  sparking,  while  the  adhesion  of  metallic 
particles  abraded  from  the  bars  and  brushes  soon  developed  a 
greater  or. less  amount  of  short-circuiting  with  its  concomitant 
evils.  A  somewhat  similar  result  attended  the  use  of  simple  air- 
spaces for  insulating  the  bars,  for  the  metallic  dust  or  scrapings 
accumulated  sooner  or  later  at  the  bottom  of  the  spaces,  which, 
being  numerous,  were  necessarily  narrow.  Occasionally  a  special 
form  is  given  to  a  commutator ;  for  instance,  that  of  the  small 
exciter  shown  in  fig.  134  is  built  against  the  end  of  the  armature, 
the  individual  bars  being  disposed  radially.  The  object  here  is  to 
reduce  the  length  of  the  machine.  A  special  commutator  is  also 
employed  with  the  machine  illustrated  in  fig.  221,  the  object  of 
which  is  explained  in  the  description. 

Again,  the  lamination  of  the  core  of  an  ordinary  cylinder  or  of 
a  drum  armature  is  a  matter  upon  which  little  doubt  now  exists,  for 
it  is  as  certain  as  it  well  can  be  that  the  magnetic  resistance  should 
be  kept  as  low  as  practicable,  a  result  only  to  be  arrived  at  by 
retaining  metallic  continuity  in  the  direction  of  the  lines  of  force 
and  using  extremely  thin  insulation ;  while,  on  the  other  hand,  the 
lamination  must  be  carried  far  enough  to  sufficiently  reduce  the 
eddy  currents.  Nothing  better,  therefore,. can  be  devised  than  a 
core  of  thin  iron  plates  of  high  permeability,  separated  by  the 
thinnest  possible  layer  of  insulating  material,  the  only  doubtful 
point  being  the  thickness  of  the  plates.  Such  experiments  as 
those  referred  to  at  the  end  of  the  preceding  chapter  may  help  to 
decide  this  point,  and  it  is  just  possible  that  by  this  means  some 
further  knowledge  may  eventually  be  gained  which  will  enable  the 
other  losses  in  the  core  to  be  minimised. 

With  regard  to  the  closed-coil  armatures  it  is  probable  that  the 
cylinder  or  ring  form  will  in  the  future  be  even  less  frequently 
employed  than  it  is  now,  the  drum  type  with  a  simple  field,  and 
the  flat  disc  with  a  multipolar  field,  having  been  proved  to  possess 
so  many  important  advantages.  Thus,  again,  we  see  that  the 
result  of  experience  is  to  reduce  the  number '  of  t>'pes  to  one  or 
two  distinctive  ones,  whereas  a  few  years  ago  almost  every  in- 
dividual machine  might  be  said  to  be  of  a  class  peculiar  to  itself. 

Indeed,  the   principal   difference   now  apparent  in  the  con- 
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struction  of  dynamos  is  in  the  form  and  arrangement  of  the  field- 
magnetSy  and  these  matters  are  frequently  determined  by  local 
circumstances.  For  example,  one  maker  may  have  tools  capable 
of  doing  a  class  of  work  altogether  out  of  the  question  at  another 
factory.  Or,  again,  the  question  of  weight  may  have  to  be  taken 
into  account,  dictating  the  use  of  wrought-iron  where  otherwise 
cast-iron  would  be  the  more  economical. 

The  theoretical  form  of  field-magnct,  circular  in  section  (so  as 
to  require  the  minimum  amount  of  wire),  and  made  of  soft  iron  with 
out  molecular  discontinuity,  is  too  expensive  and  inconvenient  to 
be  rigidly  followed,  especially  in  large  machines.  Equally  powerful 
fields  can  be  produced  with  rather  more  copper  wire  and  a  litde 
greater  expenditure  of  power  in  the  field-magnet  coils  by  the  use, 
partially  or  entirely,  of  cast-iron,  with  close-fitting  joints. 

The  great  variety  in  the  form  of  field-magnets  is  also  largely 
due  to  the  difference  in  the  views  of  the  various  makers  as  to  the 
method  of  obtaining  the  most  economical  construction.  Very  few 
now  manufacture  dynamos  with  the  armature  at  the  lower  ex 
tremities  of  a  pair  of  vertical  field-magnets,  where  slabs  of  zinc  or 
frames  of  gun-metal  have  to  be  interposed  between  the  pole-pieces 
and  the  iron  bed-plate,  to  reduce  the  magnetic  leakage.  Some- 
times this  type  is  adopted  in  order  to  economise  space  and  make 
the  machine  as  squat  or  short  as  possible,  three  coils  being  then 
wound  on  the  field-magnet,  one  on  each  leg  and  the  third  on  what 
we  are  accustomed  to  call  the  yoke. 

The  purpose  for  which  dynamos  are  most  frequently  designed 
is  to  light  a  number  of  incandescent  lamps  joined  up  in  parallel 
circuit.  It  is  necessary  to  maintain  a  constant  potential  difference 
at  the  terminals  of  these  lamps,  say  of  no  volts,  and  conse- 
quently the  machine  employed  should  be  shunt-wound,  with  a 
very  low  resistance  in  the  armature  ;  or,  if  the  number  of  lamps  is 
likely  to  be  subject  to  considerable  variation,  the  machine  must 
be  compound-wound.  For  the  important  work  of  'charging* 
secondary  batteries,  a  simple  shunt-wound  machine  is  the  most 
suitable.  A  series  dynamo  is,  of  course,  capable  of  performing 
this  work,  but  it  requires  to  be  used  with  extreme  care,  because  as 
the  electro-motive  force  of  the  cells  rises,  its  opposition  to  that  of 
the  machine  becomes  more   pronounced  and  the  current  fells 
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in  value.  The  polarity  of  the  iield-magnets  may,  indeed,  be 
eventually  reversed,  when  the  current  from  the  cells  will  drive  the 
machine  as  a  motor.  On  the  other  hand,  when  using  the  shunt- 
machine  the  electro-motive  force  of  the  cells  tends  to  increase  the 
current  passing  through  the  field  coils,  whence  the  danger  of 
reversal  is  diminished. 

Many  dynamos  a^e  now  employed  for  the  deposition  of  metals, 
electroplating,  &c.,  and  for  this  purpose  they  are  required  to 
furnish  very  heavy  currents  at  a  low  potential  difference.  They 
are  frequently  series- wound  and  it  is  necessary  that  the  internal 
resistance  should  be  extremely  low,  otherwise  considerable  power 
would  be  wasted  by  the  passage  of  the  currents,  which  sometimes 
exceed  1,000  amperes.  To  obtain  this  low  resistance  a  drum 
armature  may  be  constructed  with  very  massive  bars  for  the  active 
conductors,  the  field-magnet  coils  consisting  of  a  few  convolu- 
tions of  massive  copper  band.  An  electro-motive  force  of  from 
six  to  eight  volts  is  usually  ample,  and  this,  notwithstanding  that 
there  are  but  comparatively  few  active  conductors  round  the 
armature,  can  be  obtained  without  the  necessity  for  driving  at  a 
high  speed.  But  it  is  not  an  easy  matter  to  secure  these  massive 
bars,  and  consequently  many  machines  are  made  with  a  number 
of  fairly  thick  wires  joined  up  in  parallel  to  form  one  conductor. 
In  order  to  reduce  as  far  as  possible  the  loss  of  energy  at  the 
commutator  it  is  essential  that  the  brushes  should  be  large,  and 
the  amount  of  contact  surface  considerable.  A  large  machine, 
somewhat  similar  in  appearance  to  that  depicted  in  fig.  185,  has 
been  constructed  for  electro-deposition  work  ;  it  develops  the 
comparatively  high*  e.m.f.  of  50  volts,  and  can  yield  1,000  amperes 
at  a  speed  of  350  revolutions. 

Multipolar  machines,  as  has  already  been  indicated,  afford  a 
means  of  easily  securing  mechanical  strength  with  extremely  low 
resistance. 

For  supplying  current  to  a  number  of  pieces  of  apparatus 
joined  up  in  series,  whether  arc-lamps,  low-resistance  incandescent 
lamps,  or  motors,  it  is  necessaiy  to  maintain  a  constant  current 
under  all  conditions.  The  two  open -coil  machines  described  in 
this  chapter,  and  the'  dynamo  illustrated  in  fig.  194,  are  suitable 
for  this  class  of  work. 
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CHAPTER  XII. 

MOTORS   AND   THEIR   APPLICATIONS. 

We  must  now  give  some  attention  to  the  important  class  of 
dynamo-electric  machines  employed  for  the  purpose  of  converting; 
at  any  desired  point,  energy  supplied  to  the  machine  in  the  form 
of  electricity,  into  energy  in  the  form  of  mechanical  motion. 

In  its  widest  sense  this  conversion  rests  upon  the  fact  that 
whenever  any  of  the  lines  of  force  forming  part  of  two  separately 
generated  magnetic  fields  traverse  a  common  space,  there  is  a 
decided  action  between  the  two  sets  of  lincfs  the  tendency  being 
to  so  alter  their  paths  that  as  many  lines  as  possible  shall  coincide 
in  direction.  By  bearing  in  mind  this  simple  general  rule,  little 
difficulty  should  be  experienced  in  predicting  the  results  which 
will  follow,  even  in  complicated  cases.  This  mutual  action  takes 
place  independently  of  the  means  by  which  the  fields  are  de- 
veloped, whether  by  currents  in  two  wires  (straight  or  coiled,  with 
or  without  cores),  or  by  permanent  magneto  :  or,  the  one  field  by 
a  current  in  a  wire  and  the  other  by  a  magnet.  In  the  efTori  to 
make  the  coincidence  a  maximum,  both  fields  arc  distorted  from 
the  configuration  which  they  would  independently  have  retained* 
and  this  configuration  is  again  assumed  immediately  they  arc 
removed  from  each  other's  influence.  Consequently,  when  the 
lines  of  force  pertaining  to  two  fields  approach  each  other,  their 
mutual  action  sets  up  a  stress,  the  effect  of  which  is  a  tendency  to 
impart  such  a  motion  to  the  material  substances  (whether  a  steel 
bar  or  a  conducting  wire),  employed  in  generating  the  fields,  as  to 
make  them  take  up  positions  in  which  the  lines  of  force  due  to 
both  fields  coincide  to  the  greatest  possible  extent.  The  stronger 
the  fields,  the  greater  is  the  force  thus  acting,  and,  if  suflUciently 
strong,  mechanical  motion  is  imparted  to  that  body  which  moves 
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the  more  freely.  For  instance,  suppose  one  field  to  be  a  simple 
one  developed  between  the  two  pole-pieces  of  a  powerful  field- 
magnet  such  as  has  been  described,  and  the  other  field  to  be 
generated  by  a  current  in  a  circular  loop  of  wire.  If  the  loop  is 
placed  vertically  with  its  edges  towards  the  pole-pieces,  that  b, 
with  its  plane  parallel  to  the  lines  of  force  of  the  field-magnet, 
then  the  lines  of  its  own  field  will  be  projected  at  right  angles  to 
those  of  the  other,  and  the  field-magnets  being  too  massive  to  move, 
the  loop  will,  if  freely  suspended,  immediately  turn  round  through 
90",  when  the  lines  of  force  of  the  other  field  thread  through  it  in 
the  same  direction  as  its  own  lines.  If  free  to  move  in  any  direc- 
tion, its  ultimate  position  of  rest  will  be  in  the  densest  portion  of 
the  field,  where  the  number  of  lines  passing  through  it,  and  coin- 
ciding in  direction  with  its  own  lines,  is  a  maxinmm.  If  the 
current  through  the  loop  is  then  reversed  in  direction,  it  will  turn 
completely  round  until  the  lines  of  both  fields  again  coincide. 

We  have  thus  a  means  of  imparting  mechanical  motion  to  a 
material  substance,  in  this  case  a  loop  of  wire  ;  and  a  continual 
rotatory  motion  can  be  maintained  by  reversing  the  current  in  the 
loop  at  the  right  moment,  viz.  just  when  its  momentum  has  carried 
it  a  little  beyond  the  point  which,  in  the  absence  of  this  reversal, 
would  be  its  position  of  rest.  It  remains  to  be  seen  how  the 
principle  is  practically  applied,  on  a  scale  such  that  the  force  with 
which  the  movable  body  is  urged  into  a  new  position  may  amount 
to  maiiy  horse-power. 

Referring  to  the  simple  case  of  a  closed-coil  armature  with  a 
two-part  commutator,  as  illustrated  in  fig.  149,  it  will  be  observed 
that  if  a  cu.Tent  is  sent  through  the  two  coils  in  parallel,  while  in 
the  position  shown,  no  movement  results  -when  the  diiection  ol 
th3  current  is  such  that  the  lines  of  force  due  to  it  coincide  in 
direction  with  those  of  the  fixed  field.  This  is  tk^  position  of 
rest  for  the  armature,  and  if  the  current  in  it  is  reversed,  it  will 
make  a  complete  revolution  until  the  same  coincidence  again 
exists.  Now  the  current  can  be  supplied  by  brushes  pressing  on 
the  commutator  segments,  and  so  placed  that  each  segment  slides 
into  contact  with  a  fresh  brush  directly  the  position  of  rest  is 
arrived  at  By  this  means  the  current  will  be  reversed,  and  a 
continuous  rotation  kept  up.    With  only  two  coils,  the  arxnature 
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might  come  to  rest  buddcnly  at  a  dead  point  and  would  not  start 
agam  from  such  a  position  :  but  the  number  of  coils  can  be  in- 
creased with  advantage  until  we  have,  practically,  an  armature 
sunilar  to  those  used  m  generators.  On  a  current  being  sent 
through  such  an  armature,  each  coil  strives  to  set  itself  with  its 
plane  at  right  angles  to  the  field,  in  which  position  the  coincidence 
of  the  two  sets  of  lines  is  at  a  maximum.  Immediately  the  coil 
arrives  at  this  point,  the  current  in  it  is  reversed,  causing  it  to 
exert  a- similar  force  in  the  same  circular  direction,  during  another 
half  revolution. 

The  armature  may  be  of  the  ring,  drum,  or  flat-disc  type,  and 
it  fortunately  happens  that  most  of  the  principles  underlying  the 
design  and  construction  of  a  good  generating  dynamo,  hold  equally 
well  for  a  motor.  The  fixed  field  is  usually  supplied  by  powerful 
electro-magnets  as  in  the  case  of  generators,  these  being  excited 
by  a  current  from  the  same  source  as  that  which  supplies  the 
armature.  Many  of  the  troubles  which  in  dynamos  are  avoided 
or  reduced  by  the  employment  of  a  fixed  field  sufficiently  strong  to 
overpower  that  developed  by  the  armature,  are  also  inherent  in  a 
motor,  and  may  be  avoided  by  the  same  arrangement.  But  in  a 
motor  the  question  of  weight  is  frequently  of  considerable  im- 
portance. For  instance,  the  machine  may  be  employed  for  the 
purpose  of  propelling  a  vehicle,  and  in  such  cases  the  weight  of 
the  motor  is  added  to  that  of  the  vehicle,  and  involves  a  propor- 
tionally increased  expenditure  of  power  in  moving  it.  Again,  in 
constructing  a  motor,  even  more  care  must  be  exercised  than  with 
a  dynamo,  in  rendering  the  armature  able  to  resist  sudden  heavy 
stresses  without  risk  of  damage,  the  reason  for  which  will  be 
more  apparent  presently. 

We  have  already  learned  that  when  a  conductor  moves  through 
a  magnetic  field  in  such  a  manner  that  it  cuts  the  lines  of  force 
transversely,  an  e.m.f.  is  induced  in  the  wire,  this  e,m.f.  de- 
pending upon  the  density  of  the  field  and  the  velocity  of  the  wire  ; 
the  cause  which  sets  the  wire  in  motion  being  quite  immaterial. 
And  if  an  independent  current  is  already  flowing  in  the  wire,  the 
electro-motive  force  induced  by  the  motion,  will  either  tend  to 
increase  or  decrease  this  current,  according  to  its  direction.  Now 
when  a  wire,  free  to  move,  is  placed  in  a  certain  position  in  a 
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magnetic  field,  and  a  current  is  sent  through  it,  it  quickly  moves 
to  a  new  position.  But  m  the  very  act  of  moving  across  the 
field,  the  wire  cuts  the  lines  of  force,  and  an  electro- motive  force 
is  consequently  induced  in  it.  As  such  reactions  always  tend  to 
stop  the  motion  of  the  moving  body,  and  as  any  reduction  in  the 
current  must  necessarily  reduce  the  force  with  which  the  wire  is 
moved  (by  the  mutual  action  between  the  fields),  the  induced 
E.M.F.  must  oppose  and  reduce  the  current  which  is  flowing. 

In  consequence  of  this  'counter- electromotive -force,'  the  current 
which  a  given  external  source  of  E.M.F.  can  send  through  a  motor, 
varies  with  the  speed  at  which  the  wire  of  the  movable  part  of  the 
machine  is  at  the  moment  cutting  the  lines  of  force  of  the  field. 
MTien  the  revolving  part  is  forcibly  restrained  from  moving,  the 
current  is  at  its  maximum,  being  simply  the  quotient  of  the  E.M.F. 
divided  by  the  resistance.  But  when  it  is  allowed  to  move,  the 
current  immediately  falls  in,  value,  and  the  higher  the  speed,  the 
feebler  is  the  strength  of  the  current.  This  may  be  observed 
experimentally  by  placing  an  ammeter  in  circuit  with  a  battery 
and  a  motor,  and  then  varying  the  speed  of  the  latter. 

Now,  any  one  of  the  dynamos  hitherto  described  can  be  used 
as  a  motor.  For  instance,  we  may  take  a  direct  current  series- 
wound  machine,  and,  by  simply  passing  a  current  through  it  fi'om 
a  battery  of  secondary  cells,  can  cause  the  armature  to  rotate 
rapidly.  The  force  with  which  the  armature  moves,  depends  upon 
the  strength  of  the  fields  produced  by  it  and  by  the  field-magnet, 
and  these  in  their  turn  depend  upon  the  strength  of  the  current. 

The  internal  resistance  of  a  secondary  battery  is  very  low,  and 
if  that  of  the  machine  is  also  low,  an  enormous  current  will  pass 
while  the  armature  is  at  rest :  sufficiently  strong,  if  maintained 
for  any  length  of  time,  to  damage  it.  But  immediately  the 
armature  begins  to  move,  this  enormous  current  falls,  until  pre- 
sently the  speed  of  rotation  and  the  counter-electromotive-force 
may  become  so  high  that  only  a  very  small  current  can  flow,  the 
force  with  which  the  armature  turns,  or  the  torque,'  being,  of 
course,  also  considerably  reduced*     This  variation  is  extremely 

'  The  '  torque '  is  the  moment  of  the  force  which  tends  to  cause  rotation.  In 
this  case  it  is  equal  to  the  length  of  the  arm,  that  is,  the  radius  of  the  armature, 
multiplied  b/  the  pull  at  the  circumfeiipnce  on  the  conductor. 
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convenient  in  some  cases ;  for  example,  when  a  motor  is  employed 
to  propel  a  tram-car,  it  is  required  to  exert  very  much  greater 
power  to  start  the  car  from  rest,  than  to  keep  it  in  motion  after  it 
has  been  started.  It  is  just  when  the  car  and  the  armature  of  the 
machine  are  at  rest,  that  an  enormous  current  can  be  sent  through 
the  machine,  and  a  correspondingly  great  power  exerted  on  the 
shaft ;  while  the  current  falls  to  a  safe  value  when  a  start  has  been 
eifected,  and  before  any  damage  can  be  done  to  the  machine  by 
over-heating.  The  necessity  for  its  being  able  to  rei»ist  such 
sudden  heavy  stresses  as  that  caused  by  the  effort  to  start  with  a 
heavy  load,  requires  exceptional  care  to  be  exercised  in  the 
mechanical  construction  of  a  motor  armature.  Special  attention 
is  here  directed  to  the  machine  illustrated  in  fig.  189 ;  in  which  the 
armature  conductor  lies  in  deep  narrow  slots  in  the  core,  every 
plate  of  which  bears  directly  .against  the  shaft,  the  whole  construc- 
tion being  such  as  to  render  the  armature  able  to  withstand  an 
enormoiuf  torque  without  injury. 

Supposing  the  field  to^  be  unaltered,  the  direction  of  the 
current  in  the  armature  of  a  machine  when  used  ab'  a  motor, 
must  be  the  reverse  to  its  direction  when  used  as  a  generator, 
if  the  direction  of  rotation  is  desired  to  be  the  same  in  each 
case  ;  indeed,  we  have  just  seen  that  the  counter-E.M.P.  generated 
is  opposite  to  that  wfiich  produces  the  driving  current  There- 
fore, if  the  direction  of  the  driving  current  v&  l}ie  same  as  thiit 
which  would  be  developed  by  the  machine  itself,  the  connections 
of  the  armature  or  of  the  field- magnets  of  a  series  dynamo  must 
be  reversed ;  or  if  a  > rotation  in  fhe  opposite  direction  I's  desired, 
the  connections  should  be  left  unaltered,  and  the  brushea*  turned 
round  to  suit  the  reversed  rotation,  v  A  shunt  dynamo,  on  the 
other  hand,  will,  without  any  alteration,  turn  in  the  same  direction 
if  an  E.M.F.  opposite  to  that  developed'  by  it  as  a,  generator  is 
applied  to  its  terminals,  for  the  current  through  the  armature  is 
then  in  the  reverse  direction,  while  thar  through  the  field-magnet 
coils  is  the  same  as  before.  This  will  be  apparent  on  inspection 
of  the  diagrams  of  the  shunt  dynamo  connections  given  in  figs. 
159  and  z6o  ;  when  employed  as  a  generator  the  /ield-magnet 
coils  form  a  shunt  to  the  external  circuit,  but  when  used  as  a  motor 
these  coils  act  as  a  shunt  to  the  armature. 
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The  distortion  of  the  field  observed  when  a  machine  is  used 
as  a  generator  also  occurs  when  it  is  employed  as  a  motor,  because, 
when  the  brushes  are  at  zero,  the  lines  of  force  of  the  armature 
field  are  at  right  angles  to  those  of  the  field- magnets.  But  the 
direction  of  the  current,  and  therefore  of  the  lines  of  force,  being 
reversed  in  the  case  of  a  motor  armature,  the  direction  of  the 
resultant  field  is  also  different.  *The  amount  of  the  distortion 
depends,  obviously,  upon  the  relative  strengths  of  the  two  fields. 
It  is  very  slight  when  the  field-magnets  overpower  the  annature, 
but  in  all  cases  the  direction  of  the  resultant  field  is  such-  that  the 
brushes  must  be  shifted  backward  to  place  them  on  a  diameter 
at  right  angles  to  the  lines  of  force,  and  so  to  avoid  sparking. 

The  distortion  of  the  field  of  a  motor  is  illustrated  in  fig.  220, 
which  should  be  compared  with  the  corresponding  figure  (156;  for 
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a  generator.  The  density  of  the  Imes  of  force  is  greater  ac  the 
horns  a  a  which  the  armature  is  approaching,  and,  as  a  conse- 
quence, any  irregular  distribution  of  iron  in  the  armature  core 
causes  stronger  eddy  currents  and  develops  more  heat  at  these 
places,  than  at  the  horns  b  b  from  which  the  armature  is  receding, 
as  in  the  case  of  a  dynamo.  With  an  ordinary  armature,  however, 
this  heating  -is  not  very  great,  and  in  all  cases  it  is  influenced  to  a 
certain  extent  by  the  fact  that  a  current  of  cold  air  i:>  drawn  in  at 
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A  A  and  ejected  somewhat  warmer  at  b  b.  In  the  case  of  a  motor, 
therefore,  this  air  current  tends  to  reduce,  and  in  the  case  of  a 
generator  to  increase,  the  difference  of  temperature  between  the 
two  horns  of  each  pole-piece. 

The  current  through  the  armature  of  a  motor  frequently  yaries 
considerably,  and  this  may  cause  a  shifting  of  the  resultant  field, 
and  therefore  also  necessitate  an  alteration  in  the  position  of  the 
brushes,  but  in  all  cases  a  reduction  in  the  angle  of  lead,  and 
immunity  from  sparking  with  a  variation  of  the  armature  current, 
may  be  obtained  by  employing  a  very  powerful  field  relatively  to 
that  produced  by  the  annature.  But  this  necessitates  considerable 
weight,  especially  in  the  field-  magnet  cores.  Hence,  the  superiority 
of  wroiight-iron  of  high  permeability  is  apparent,  although  even 
when  this  is  used  the  weight  of  a  motor  built  upon  this  principle 
is  still  considerable.  As  we  shall  see  presently,  the  most  effective 
plan  of  constructing  a  light  but  efficient  machine  is  to  arrange 
that  the  armature  field  shall  be  very  powerful  and  rcihforce  that 
of  the  field-magnets,  special  precautions  being  taken  to  prevent 
the  sparking  which  would  othenn-isc  ensue.  But  at  the  same  time 
it  must  be  remembered  that  the  advantages  accruing  to  the  use  of 
powerful  field-magnets,  even  at  the  expense  of  extra  weight,  are  not 
lightly  to  be  thrown  away ;  and  that  in  ordinary  cases  it  is  rarely 
true  economy  to  sacrifice  much  in  order  to.  save  a  little  weight. 

The  electrical  pOwer  may  be  supplied  either  at  a  constant 
pressure,  or  constant  current ;  in  the  former  case  regulation  i;; 
comparatively  easy,  while  in  the  latter  greater  economy  in  the  distri- 
bution of  power  can  sometimes  be  effected.  Supposing  a  constant 
potential  to  be  maintained  at  the  terminals  of  a  shunt-wound 
motor  ;  the  current  through  the  fiqld-magnet  coils  will  always  be 
the  same,  and  therefore  the  strength  of  the  field  remains  constant, 
but  the  current  through  the  armature  depends  upon  the  speed  of 
rotation,  being,  in  fact,  determined  by  the  excess  of  the  applied 
electro-motive  force  over  the  counter-electro-motive  force.  Sup 
posing  the  machine  to  be  employed  in  driving  a  tram-car  ;  then, 
for  example,  when 'the  car  commences  to  mount  an  incline,  the 
armature  shaft  is  called  upon  to'  perform  additional  work,  which 
tends  to  reduce  the  speed  of  rotation  ;  this,  however,  by  reducing 
the  rounter-electro-motive  force,  immediately  allows  a  stronger 
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current  to  pa.^s  through  the  armature,  and  affords  the  necessary 
electrica]  power  to  perform  the  extra  work.  On  the  other  hand, 
should  the  car  be  alloiycd  to  attain  a  high  speed  in  descending  an 
incline,  the  countcr-F.M.p.  would  reach*  a  high  value,  so  high  in 
fact  that  very  little  current  would  pass  through  the  armature, 
whence  very  little  electrical  power  'would  be  expended.  The  de- 
mand upon  the  source  of  the  electrical  power  is  thus  to  a  certain 
extent  automatically  regulated  in  a  very  simple  manner  according 
to  the  requirements,  and  this  effect  of  the  counter-electro-motive 
force  obtains,  whatever  the  purpose  may  be  for  which  the  machine 
is  employed. 

If  the  armature  resistance  is  extremely  low  and  that  of  the 
shunt-coils  high,  and  if  the  Acid-magnet  develops  a  much  greater 
field  than  the  armature,  the  variation  of  lead  will  be  but  slight, 
and  further,  the  machme  will  to  a  great  extent  be  self- regulating 
as  regards  speed.  But  since  these  conditions  are  not  always 
obtained  in  a  motor  to  the  same  extent  as  in  a  dynamo,  chiefly  on 
account  of  the  anxiety  to  reduce  the  weight,  few  shunt  motors  are 
sufficiently  self-regulating  to  meet  all  requirements.  We  have 
seen  that  when  an  additional  load  is  thrown  on  the  motor,  the 
resulting  reduction  in  speed  immediately  allows  the  passage  of  a 
stronger  current  through  the  armature  ;  but  if  the  speed  is  to  be 
kept  'constant,  the  counter-electro-motive  fo/ce  also  will  be  con- 
stant, and  then  the  current  through  the  armature  can  hardly  vary 
at  all,  so  that  the  two  conditions  are  opposed  to  each  other.  But 
by  reducing  the  strength  of  the  field  developed  by  the  field- 
magnets,  the  counter- c:.M.F.  can  also  be  reduced,  and  therefore 
a  stronger  current  can  be  passed  through  the  armature  when 
rotating  at  a  given  s^^eed.  It  is  necessary,  then,  to  devise  some 
means  of  reducing  the  strength  of  the  field  when  the  load  is 
increased  and  the  current  in  the  armature  rises.  The  simplest 
way  of  accomplishing  this  is  to  place  a  few  turns  of  thick  wire 
round  the  limbs  of  the  field-magnet,  in  series  with  the  armature, 
but  wound  in  such  a  manner  as  to  magnetically  oppose  the  shunt- 
coils  instead  of  assisting  them,  as  in  the  case  of  a  compound- 
v/ound  generator.  The  effect  of  these  series-turns  in  weakening 
the  field  becomes  greatest  when  the  armature  current  is  strongest, 
and  via  vsrsA ;  but  it  should  be  observed  that  since  the  strongest 
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current  which  can  pass  through  the  armature  does  so  whefi  it  is 
at  rest,  the  armature  jnay  start  •in  either  directicjn  as  determined 
by  the  shimt-coil  field,  or  the  field  produced  by  the  hea\y  current 
in  the  series-windings.  To  avoid  any  uncertainty,  it  id  usual  to 
lead  the  ends  of  the  two  windings  and  of  the  armature  separately 
to  the  switch-board,  and  to  reverse  the  ciurent  through  the  series- 
endings,  so  that  both  shunt-  and  series-coils  act  together  in 
developing  a*  strong  field  at  the  moment  of  starting,  the  series- 
turns  being  joined  up  in  the  normal  manner  when  the  speed  rises 
above  a  certain  valuer 

The  field  of  a  shunt  motor  may  also  be  weakened  by  inserting 
resistance-coils  as  required,  either  by  hand  or  automatically,  or  by 
altering  the  ampere-turns  in  any  other  manner.  It  appears  at  first 
sijght  somewhat  paradoxical  that  the  speed  of  a  motor  can  be 
in^eased  by  reducing  the  strength  of  the  field,  but  the  reduction 
of  the  counter-electro-motive  force  of  the  armature,  as  lyentioned 
above,  satisfactorily  explains  the  matter.  The  case  for  a  series 
'motor  fed  with  a  constant  current  is  different,  and  the  distinction 
must  be  clearly  .borne  in  mitid.  If  the  load  is  decreased,  the 
speed  increases,  and  so  gives  rise  to  a  higher  counter-£.M.F.,  but 
the  generator  responds  to  this  and  maintains  the  current  constant 
Consequently  the  speed  of  the  maehine  increases  enormously 
when  the  load  is  lightened  to  a  great  extent,  and  it  is  then  that 
unless  care  is  taken  considerable  damage  may  be  done.  The 
weakening  of  the  field  of  a  series -motor  reduces  the  power  given 
out,  and  therefore,  also,  reduces  the  speed  if  the  load  and  the 
current  through  the  armature  sfre  unaltered  The  alteraf ion  in  the 
strength  of  the  field  is  conveniently  effected  by  shunting  the  field- 
magnet  with  a  variable  resistance,  and  the  application  of  one  such 
method  will  be  considered  presently.  We  shall  also  refer  to  the 
manner  in  which  highly  successful  results  have  been  achieved  by^ 
means  of  series  motors  supplied  at  a  consta:nt  potential 

Only  a  portion  of  the  powisr  given  electrically  to  a  motor  is 
converted  jusefuUy  into  mechanical  power,  a  part  being  spent  in 
heating  the  armature,  field-magnet  coils,  &c  When  the  armature 
IS  at  rest  the  whole  of  the  electrical  power  absorbed  by  the  motor 
is  so  converted  into  heat,  and  the  efficiency  of  the  machine  that 
is,  the  ratio  of  the  useful  power  obtained  on  the  shaft  to  the  total 
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power  supplied,  is  at  its  lowest  value,  viz.  nought.  "When  the 
armature  is  moved,  the  useful  performance  of  work  begins,  and  as 
the  current  also  falls  in  strength,  the  power  wasted  in  heating 
decreases.  The  higher  the  speed  of  rotation,  the  higher  becomes 
the  counter-E.M.F.,  and  the  less  becomes  the  power  wasted  as  heat 
in  the  conductors ;  in  fact,  the  ratio  of  the  power  usefully  ab- 
sorbed by  the  motor  to  the  whole  power  supplied,  is  very  nearly 
proportional  to  the  ratio  of  the  counter- E.&I.F.,  to  the  E.M.F. 
applied  at  the  terminals  of  the  machine.  The  efficiency  of  the 
machine  is  therefore  highest  when  the  load  is  a  minimum,  that  is, 
when  it  is  doing  least  work  per  revolution,  while  the  torque,  or 
the  force  with  which  the  armature  tends  to  rotate,  is  greatest  when 
the  load  is  sufficiently  great  to  prevent  the  armature  turning,  and 
when,  therefore,  it  is  doing  ho  external  work  at  all  Now  when  a 
motor  is  running  at  a  high  speed  it  performs  very  little  work 
indeed  during  one  revolution,  although,  the  number  of  revolutions 
being  great,  a  considerable  amount  of  work  may  be  performed 
during  a  given  interval  of  time,  say  one  minute.  On  the  other 
hand,  when  the  speed  is  very  low,  the  amount  of  work  per  revolu- 
tion is  comparatively  great,  but  the  small  number  of  revolutions  per 
minute  prevents  the  quantity  of  work  reaching  during  that  interval  a 
very  high  value.  By  considering  these  two  extreme  cases,  it  might 
be  supposed  that  there  is  a  certain  intermediate  speed  of  rotation 
at  which  the  work  performed  by  any  given  motor  is  a  maximum. 
This  is  the  case,  and  the  speed  of  a  motor  at  which  it  can  perform 
the  maximum  amount  of  work  per  minute  is  that  speed  at  which  the 
counter-electro-motive  force  becomes  equal  to  the  electro-motive 
force  applied  at  the  terminals.  This  result  is  quite  independent 
of  the  efficiency  of  the  conversion,  which,  as  we  have  seen,  in- 
creases with  the  speed  of  rotation. 

In  fig.  821  i9  illust;^ated  a  motor  which  was  constructed  by 
Messrs.  Goolden  for  an  electric  launch.  The  field-magnet  is  of 
the  singly  horse-shoe  shape,  the  cores  being  of  wrought-iron,  secured 
to  a  wrought-iron  yoke-piece  by  two  horizontal  bolts.  On  the 
outer  side  of  each  pole-piece  is  a  gun-metal  supporting  bracket 
with  two  flanges,  shaped  to  fit  the  ribs  of  the  boat.,  One  bracket 
(that  at  the  back  in  the  tigure)  is  extended  on  either  side  to  form 
the  bearings  for  the  armature  shaft 
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The  machine  is  shunt-wound,  the  field-magnet  coils  consisting 
of  2,680  convolutions  of  No.  14  s.w.c,  having  a  resistance  of 
6-96  ohms.  The  armature  is  of  the  drum" type,  and  is  wound  with 
two  No.  14  S.W.G.  wires  in  parallel,  there  being  216  convolutions 
of  this  double  wire,  giving  a  resistance  from  brush  to  brush  of 
o*2  ohm.  Each  section  has  six  turns,  so  that  there  are  thirty-six 
bars  in  the  commutator,  which  is  insulated  throughout  with  mica. 
The  adjacent  end  of  the  armature  is  covered  by  radial  extensions 
of  the  commutator  bars»  the  mica  insulation  being  also  extended 
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to  the  periphery.  The  other  end  of  the  armature  is  covered  by  a 
metal  plate  of  an  equal  diameter,  the  rest  of  the  arn^ature  being 
enveloped  by  a  waterproof  material  securely  banded  on,  so  that 
the  whole  is  rendered  completely  watertight.  The  armature  shaft 
is,  at  the  end  remote  from  the  commutator,  coupled  direct  on  to 
the  shaft  of  the  propeller.  The  armature  brushes  and  field - 
mi:gnet  coils  are  connected  to  separate  terminals  leading  to  the 
controlling  switch,  and  the  motor  is  reversed  by  simply  reversing 
the  direction  of  the  current  through  the  armature.  To  render 
this  practicable,  the  brushes  are  of  a  special  type  (see  fig.  227), 
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consisting  of  steel  springs  placed  fiat  against  the  commutator,  and 
provided  with  solid  carbon  blocks  for  making  contact,  the  recfuisitc 
pressure  being  given  by  india-rubber  bands  passing  round  hooks 
at  the  ends  of  the  springs.  This  motor  develops  five  horse-power 
when  running  at  500  revolutions  per  minute  :  the  current  is 
supplied  by  secondary  cells,  the  machine  being  designed  to  carry 
50  amperes  at  95  volts,  but  the  margin  is  such  that  it  ran  safely 
take  up  to  70  ampere;*  for  several  hours  without  risk  of  damage 
by  over-heating. 

The  efficiency  of  this  motor  is  about  85  per  cent.,  which  is 
high  for  so  comparatively  low  a  speed  as  500  revolutions  per 
minute.  In  most  cases  the  difficulty  o(  obtaining  a  machine  of 
reasonable  efficiency  at  a  low  speed,  without  abnormal  pro 
portions  and  correspondingly  heavy  weight,  renders  it  necessary 
to  run  at  a  high  speed,  and  to  effect  the  reduction  required,  by 
suitable,  gearing.  Thus,  for  example,  the  wheel  of  an  ordinary 
tram-car  travelling  at  seven  miles  per  hour  does  not  revolve  at  so 
high  a  speed  as  eighty  revolutions  per  minute,  and  it  would  be 
impossible  to  construct  a  practical  motor  to  run  at  this  low  rate.  A 
machine  running  at  720  revolutions  might  be  employed,  by  intro- 
ducing gearing  which  would  reduce  this  speed  to  alx>ut  one-tenth. 
The  selection  of  suitable  gearing  is  not,  however,  an  easy  matter, 
for  it  must  be  light,  strong,  and  durable,  and  should  produce 
neither  ho'*?^'  nor  vibration  in  working  ;  and,  while  absorbing  little 
uOMCPr  in  Iriction,  it  must  be  capable  of  withstanding  dust  and 
dirt,'  or  of  being  easily  protected.  Some  very  good  devices,  depend- 
ing upon  friction  to  transmit  the  power  from  a  small  wheel  on  the 
rapidly  rotating  armature  shaft  to  a  larger  pulley  on  the  axle,  have 
been  employed  with  fair  success  on  lines  where  the  gradients  '}  '-£/ 
slight ;  but  where  the  power  required  to  be  transmitted  is  at  times 
very  heavy,  this  method  is  not  to  be  relied  on.  By  means  of  a  pinion 
and  spur-wheel,  with  or  without  an  intermediate  counter-shaft, 
very  great  power  can  be  transmitted.  One  principal  objection  to 
this  gearing  is  that  it  is  noisy  ;  the  teeth  of  the  pinion  on  the 
armature  shaft  also  rapidly  show  signs  of  wear. 

The  necessary  reduction  in  speed  can  also  be  obtained,  and  m 
a  very  satisfactory  manner,  by  means  of  a  screw  and  worm-wheel ; 
an  endless  screw,  driven  by  the  motor  shaft,  gearing  into  the 
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teeth  of  a  worm-wheel  on  the  axle  of  the  car  or  on  a  counter- 
shaft. Chain  gearing  is  also  employed ;  in  this  case  an  endless 
chain  passes  over  a  small  toothed  wheel  on  the  motor  shaft  and  a 
larger  one  on  the  axle,  the  teeth  of  the  wheels  fitting  into  the  links 
of  the  chain.  The  chain  is,  however,  liable  to  stretch,  and  then 
the  teeth  no  longer  fit  accurately,  and  slipping  is  likely  to  take 
place. 

In  figs.  222  and  223  a  good  example  of  spur-gearing  is  illus- 
trated. The.  motor,  designed  by  Lieut.  Sprague,  is  intended  for 
use  on  a  tram-car,  the  field-magnet  being  of  the  single  horse-shoe 
type,  and  of  wrought-iron  throughout  At  the  yoke  end,  the  motor 
is  swung  from  the  axle  of  the  car,  this  bearing  being  shown  to 


Fig. 


the  left  of  fig.  222,  while  at  the  other  or  armature  end,  it  is  flexibly 
supported,  being  s^ttached  to  the  body  of  the  car  by  means  of  the 
spring  shown  in  fig.  223.  Bronze  brackets,  fixed  vO  the  pole-cheeks, 
support  the  armature  bearings,  and  a  pinion  on  the  armature 
shaft,  as  indicated  in  fig.  223,  gears  with  a  spur-wheel  carried  on 
a  counter-shaft  which  passes  between  the  limbs  of  the  field- 
magnet.  At  the  other  end  of  the  counter-shaft  is  the  pinion, 
visible  in  fig.  222,  which  gears  into  a  spur-wheel  keyed  on  to  the 
axle  of  the  car,  the  number  of  teeth  being  so  proportioned,  that 
the  speed  of  rotation  of  the  axle  is  about  one-twelfth  of  that  of 
the  armature. 

The  pinion  on   the^  armature  shaft   is  sometimes  made  of 
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hard  vulcanised  fibre.  The  wear  is,  of  course,  greatest  at  the 
teeth  of  this  pinion,  while  the  greatest  po^er  is  transmitted  by 
the  teeth  at  the  other  end  of  the  train.  Tlie  teeth  are,  however, 
strong  enough  to  resist  a  steady  pressure  far  greater  than  can  be 
given  by  the  machine  ;  were  the  full  power  suddenly  applied  with 
a  jerk,  the  strain  would  be  enormously  increased,  but  a  most 
important  function  of  the  supporting  spring  is  to  prevent  this 
taking  place,  by  yielding  slightly  when  the  pressure  is  suddenly 
applied.  But  the  advantage  gained  in  this  way  entails  the  d[is- 
advantage  that  the  distance  between  the  centres  of  the  engaging 
wheels  is  liable  to  variation.  ^Consequently,  involute  teeth  are 
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employed,  that  is  to  say,  the  form  of  the  rubbing  surfaces  of  the 
teeth  is  the  involute  of  a  circle,  such  teeth  being  the  only  ones 
which  are  independent  of  an  alteration  in  the  distance  between 
the  centres  of  the  wheels. 

The  armature  is  entirely  covered  with  a  waterproof  material, 
and  the  field-magnets  being  also  protected  by  an  impervioua 
covering,  the  machine  is  but  little  Jiable  to  injury  from  moisture. 

The  covering  of  the  field-magnets  consists  of  sheel  copper, 
the  joints  being  carefully  sealed.  An  advantage  attending  this 
arrangement  is,  that  the  heavy  current  induced  in  the  low  resist- 
ance copper  sheathing  reduces  to  a  very  great  extent  the  magni 
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tude  of  the  extra  current  developed  in  the  coils  on  suddenly 
breaking  the  circuit 

Carbon  brushes  are  employed,  the  commutator  being  of  the 
usual  form,  viz.  copper  bars  insulated  with  mica. 

In  fig.  224  is  illustrated  the  Immisch  motor,  a  type  which  is 
m  extensive  yse,  and  possess^  some  important  peculiarities.  The 
field-magnets  are  of  the  double  horse-shoe  form,  the  coils  being 
wound  in  four  sections  on  the  horizontal  portions  of  the  core, 
although  in  a  few  instances  two  coils  are  employed,  wound  on  the 
vertical  limbs,  as  in  the  case  of  the  Manchester  dynamo. 

Fig.  ••4. 


In  these  machines  the  magnetic  field  developed  by  the  arma- 
ture is  comparatively  powerful,  being  equal  to,  or  even  greater 
than,  that  developed  by  the  field-magnet,  the  object  being  to 
effect  a  great  reduction  in  weight.  As  has  been  already  re- 
marked, it  is  possible,  since  the  two  fields  reinforce  each  other, 
to  employ  a  weak  fixed  field  and  yet  obtain  the  necessary  torque 
on  the  armature,  provided  the  armature  field  is  correspondingly 
increased  in  strength ;  but  this  entails  some  special  device  to 
avoid  the  necessity  for  altering  the  lead  of  the  brushes  to  suit  the 
variations  of  the  current  caused  by  a  varying  load.  The  actual  re- 
quirement is,  of  course,  to  keep  the  direction  of  the  resultant  field 
unaltered,  so  that  the  brushes  shall  always  be  on  a  diameter  at 
right  angles  to  this  field ;  and  in  the  Immisch  machine  the  arrange- 
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ment  for  maintaining  this  constancy  amounts  to  simply  shofx- 
circuiting  the  sections  of  the  armature  for  a  considerable  period 
as  they  pass  the  neutral  position.  If  the  field  is  in  its  normal 
position  when  these  coils  are  short-circuited,  they  are  practically 
inactive.  But  should  the  field  be  shifted,  say  by  an  increase  of 
the  load,  the  short-circuited  coils  cut  lines  of  force  transversely, 
acting  as  the  coils  of  a  generator,  and  the  resistance  of  the  closed 
coil  being  very  low,  the  conditions  for  a  large  current  are  estab- 
lished, the  lines  of  force  resulting  from  it  being  in  such  a  direc-, 
tion  as  to  oppose  the  distortion  of  the  field,  and  bring  it  back  to 
the  normal  [X)sition.  The  short-circuiting  is  eflfected  by  the 
commutitor,  which,  as  shown  in  fig.  224,  consists  of  two  sets  of 
segments,  placed  side  by  side,  one  set  being  fixed  half  the  width 
of  a  segment  in  advance  of  the  other. 

The  armature  is  drum-wound,  and  the  connections  are  such 
that  the  two  parts  of  the  commi'^ator  might  be  formed  into  one, 
by  interposing  each  segment  on  one  half  between  the  two  facing 
segments  on  the  other  half.  The  two  brushes,  side  by  side,  are 
electrically  connected,  forming,  in  fact,  one  wide  brush,  and  the 
effect  is  precisely  similar  to  what  would  take  place  if  an  ordi- 
nary commutator  were  employed  with  thick  brushes  covering 
one  bar. 

Under  ordinary  circumstances  the  effect  of  an  increase  of 
the  current  in  the  armature  would  be  to  increase  the  distortion  of 
the  field,  and  therefore  to  necessitate  a  greater  negative  lead 
being  given  to  the  brushes.  The  immediate  effect,  however,  in 
the  present  case  is  to  cause  the  short-circuited  coils  to  generate 
a  powerful  current,  the  lines  of  force  due  to  which  are  in  the 
same  direction  as  those  of  the  field-magnets,  the  resultant  ten- 
dency being  to  reduce  the  distortion  to  its  normal  amount. 

It  might  be  expected  that  considerable  heating  in  the  coils 
would  result  from  the  short-circuiting,  but  this  does  not  occur  to 
any  Appreciable  extent,  and  is  probably  to  be  accounted  for  by  the 
prompt  action  of  the  current  in  the  short-circuited  coils  in  re- 
storing the  field  to  its  normal  position  before  the  current  rises  to 
a  very  high  value. 

The  armature  core  is  built  up  with  the  usual  thin  iron  plates, 
which  are  insulated  with  asbestos,  thick  rigid  plates  being  placed 
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at  intervals,  and  having  projections  above  the  siiriace  of  the  rest 
of  the  core,  which  act  as  driving  horns. 

The  machines  are  usually  series- wound,  and  arc  made  in  a 
variety  of  sizes  for  different  puq)oses.  One,  designed  for  driving 
a  tram-car,  weighs  5^  cwt.,  and  is  intended  to  run  at  1,000  revolu- 
tions with  a  current  of  40  amperes  at  60  volts.  The  gearing 
consists  of  two  steeV  chains  with  a  counter-shaft,  the  reduction  of 
speed  being  10  to  i  ;  the  velocity  of  the  chain  on  the  armature 
shaft  is,  at  times,  as  high  as  2,000  feet  per  minute,  the  high 
speed  of  the  motor  allowing  a  considerable  reduction  in  the  weight 
of  the  machine.  The  current  is  supplied  by  eighty  secondary  celb 
carried  on  the  car,  a  switch  being  provided  for  connecting  these, 
all  in  series,  or  forty  in  series  and  two  in  parallel,  so  as  to  vary  the 
power  given  to  the  machine.  The  same  switch  can  also  be  used 
to  throw  resistance  in  circuit,  when  the  motor  is  being  started,  to 
prevent  the  passage  of  a  too  heavy  current.  The  direction  of 
rotation  is  reversed  by  reversing  the  current  through  the  armature, 
two  sets  of  brushes  being  provided,  operated  by  a  suitable  lever, 
one  set  adjusted  with  a  slight  negative  lead  in  one  direction,  and 
the  other  set  with  a  corresponding  lead  in  the  reverse  direction. 

One  of  the  earliest  and  most  successful  applications  of  the 
electric  motor  was  made  by  Mr.  M.  Holroyd  Smith,  on  the 
Blackpool  Electric  Tramway.  This  venture  was  made  in  the 
experimental  dfiys  of  electric  traction,  and  great  difficulties  have 
been  contended  with  and  overcome.  The  working  has  been  so 
successful  under  somewhat  trying  local  conditions  as  to  prove  that 
the  system  is  sound,  and  we  shall  accordingly  briefly  describe  the 
main  features.  The  line  is  two  miles  in  length,  and  consists  chiefly 
of  a  single  track  with  a  number  of  pass-byes.  It  runs  along  the 
sea-coast  in  such  an  exposed  position  that  the  road  is  occasionally 
flooded  during  the  winter  months,  and  at  all  times  the  saline 
deposit,  which  is  always  prevalent  near  the  coast,  considerably 
enhances  the  difficulty  in  insulating  the  conductors. 

The  conductors  are  laid  underground  in  a  channel  midway 
between  the  two  rails  on  which  the  car  wheels  run,  the  current 
being  taken  from  them  to  the  motor,  by  means  of  a  collector 
trailing  through  a  narrow  opening  in  the  top  of  the  channel. 

In  fig.  225  a  transverse  section  of  this  channel  is  shown,  the 
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main  support  being  afforded  by  cast-iron,  chairs  which  are  fixed  at 
intervals  of  a  yard.  One  of  these  chairs,  b,  is  shown  in  the 
figure  ;  its  height  is  11  inches,  base  12  J  inches,  and  internal  width 
5  J  inches ;  it  has  vertical  slots  cast  in  it,  on  each  side,  and  into  these 
slots  are  fitted  stout  creosotcd  boards,  d  d,  which  form  the  sides 
of  the  channel  Steel  troughing,  c  c,  runs  along  and  is  bolted  to 
the  tops  of  the  cast-iron  chairs.    This  troughing  is  then  filled  with 

Fig.  995.  * 
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wooden  blocks  to  form  the  paving  of  the  road ;  the  remainder  of 
the  paving  being  also  of  wood.  The  sides  of  the  steel  troughs 
slope  slightly,  so  that  the  opening  between  them  widens  from  half 
an  inch  at  the  top  to  one  inch  at  the  bottom,  in  order  that  a  stone 
may  fall  through  instead  of  being  wedged  in.  The  conductors 
are  strips  of  hard-drawn  copper,  of  the  shape  shown  at  KF;the 
sectional  area  of  each  is  equal  to  a  solid   rod.  0-575    inch   in 
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diameter,  and  its  resis^tancc  is  •'165  ohm  per  mile.  The  strip  fits 
over  an  iron  stud,  the  under  side  of  which  is  grooved,  and  a 
wooden  pin  is  driven  in,  to  fix  it  securely  in  position.  This  stud  is 
cemented  into  a  cylindrical  porcelain  insulator,  e,  having  a  deep 
groove  round  its  periphery,  and  holes  3^  inches  in  diameter  are 
bored  in  the  wooden  sides  of  the  channel  midway  between  the 
chairs,  for  the  reception  of  these  insulators.  A  |-inch  vertical 
hole  is  also  bored  in  the  wood  on  one  side  of  the  insulator,  and 
into  this  a  wooden  peg  is  driven,  which,  passing  downwards  through 
the  groove,  locks  the  insulator  Cast  More  recently  glass  studs, 
cemented  into  a  porcelain  insulator,  have  been  adopted 

The  conducting  tubes  are  electrically  connected  by  two  wedges 
of  drawn  brass  (not  shown  in  the  figure),  which,  when  driven  tight 
together,  exactly  fit  the  inside  of  the  tube,  the  compound  wedge 
being  wrapped  with  wire  to  prevent  it  shifting.  A  little  space  is 
left  between  the  ends  of  adjacent  sections  of  the  tubes  to  allow  for 
expansion  and  contraction,  which  is,  of  course,  considerable ;  in  fiict, 
the  connecting  wedges  cannot  be  soldered  to  the  tube  as  the  ex- 
pansion due  to  the  difference  in  the  temperature  at  night  and  noon 
would  crack  the  solder.  The  two  conductors,  f  f,  form  a  single 
positive  lead,  and  the  collector  places  them  in  connection  with 
one  terminal  of  the  motor,  whose  other  terminal  is  connected  to 
the  wheels  of  the  car.  the  return  circuit  being  made  through  the 
rails,  or,  rather,  through  the  earth.  The  two  tubes  are  electrically 
connected  at  every  hundred  yards  by  a  loop  of  insulated  and  lead- 
sheathed  copper  wire,  placed  in  a  groove  cut  in  the  sides  and 
bottom  of  the  channel  The  resistance  of  the  positive  lead  must 
be  taken  as  that  of  the  two  tubes  in  parallel,  and  if  the  rails  make 
good  earth  there  will  be  practically  no  resistance  between  the 
negative  terminal  of  the  motor  and  the  generator.  But  this  would 
rarely  or  never  happen,  and  to  avoid  any  resistance  at  the  junc- 
tions, adjacent  rails  are  electrically  connected  by  a  strip  of  copper, 
the  ends  of  which  are  plugged  into  boles  punched  in  the  rails. 

The  engines  and  two  generating  dynamos  are  placed  at  the 
centre  of  the  line.  The  generators  are  four-pole  machines,  each 
being  separately  excited  by  a  small  machine:  a  set  of  resist- 
ances is  placed  in  circuit  with  the  exciter  and  field-magnet 
coils,  by  varying  which  the  strength  of  the  held,  and  therefore,^ 
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also,  the  e.>i.f.  developed  by  the  generator^  can  be  altered  at  will* 
The  maximum  E.M.F.  of  each  is « 300  volu,  and  the  current  x8o 
amperes.  The  two  machines  can,  if  required,  be  run  together  in 
parallel. 

The  maximum  potential  diflqrence,  viz.  that  at  the  centre  cf 
the  line,  is  about  220  volts,  and  this  falls  *  gradually  towards  the 
two  extremities.  The  deposit  of  moisture  previously  referred  to 
is  sometimes  so  great  as  to  cause  a  serious  leakage*  after  the  li  le 
has  been  standing  idle  during  the  night ;  in  the  earlier  days  this 
leakage  has  been  known  to  rtach  100  amperes,  but  the  passage  of 
the  heavy  current  rapidly  increases  the  insulation.  Such  improve- 
ments have  since  been  effected  that  now  the  Jpss  during  working 
hours  does  not,  under  ordinary  circumstances,  exceed  3  amperet. 

A  good  idea  of  the  salient  features  of  the  system  may  be 
gathered  from  fig.  226.  The  collector,  which  is  designed  to  run 
equally  well  in  either  direction,  consists  of  two  slanting  clearing 
ploughs  of  tempered  steel,  connected  by  hinged  wrought-iron 
plates  to  a  centre-piece.  This  centre-piece  consists  of  a  cast- 
iron  cheek,  bearing  on  the  edges  of  the  steel  troughing^  and 
having  fixed  vertically  through  it  a  strong  brass  strip,  which  is  well 
insulated  and  protected  by  hardened  steel  guards  whete  it  passes 
through  the  slot  The  bottom  of  the  strip  is  bare,  and  has  fixed 
to  it  a  short  horizontal  brass  arm;  which  carries  at  each  end  two 
curved  hard  metal  wings,  facing  in  opposite  directions,  and  eadi 
partly  embracing  one  of  the  conductors.  Jhe  whole  forms  a 
combination  which  is  flexible  enough  to  turn  sharp  bends,  such 
as  those  at  crossing  pqints,  is  capable  of  clearing  the  opening  of 
any  slight  obstruction,  and  ensures  good  electrical  contact  with  the 
conductors.  Each  of  the  steel  ploughs  terminates  in  a  finger,  on 
to  which  is  hooked  a  hauling  rope,  attached  to  the  body  of  the 
car,  but  a  loop  of  weaker  cord  is  inserted,  so  that  if  the  collector 
meets  with  a  serious  obstruction  this  loop  breaks,  the  car  passes 
on,  and  can  be  quickly  brought  to  a  standstill  by  the  ordinary 
brakes.  The  loop  slips  off  the  trailing  finger,  and  a  detachable 
electrical  connection  is  also  4>rovided,  consisting  of  a  clip,  bored 
to  receive  a  heart-shaped  terminal,  which  can  easily  be  inserted, 
but  requires  a  rather  sharp  jerk  to  release  it. 

Mr.  Smith  has  invented  a  great  number  of  excellent  devices  in 
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connection  with  motors,  motor  regulation  and  gearing.  He 
prefers,  in  most  cases,  to  work  with  series  motors  supplied  at  an 
approximately  constant  potential,  and  those  employed  on  the 
Blackpool  line  have'  proved  very  successful  Good  wrought-iron 
is  employed,  but  no  practical  advantages  have  been  sacrificed  for 
the  sake  of  obtaining  an  extremely  light  and  electrically  efficient 
motor.  The  field-magnets  develop  a  very  powerful  field,  and  the 
space  between  the  iron  of  the  armature  core  and  the  pole-faces  is 
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very  small,  the  armature  conductor  consisting  of  one  layer  of  silk- 
covered  wire  ;  consequently  a  comparatively  weak  armature  field 
can  be  employed,  and  the  distortion  is  practically  nothing.  In 
fact,  the  brushes  can  be  allowed  to  make  contact  at  the  same  place 
for  either  direction  of  rotation,  without  any  appreciable  sparking. 
This  admits  of  the  employment  of  an  extremely  simple  and  effec- 
tive type  of  brush,  which  was  invented  by  Mr.  Smith  for  the  pur- 
pose of  enabling  the  armature  to  be  run  in  either  direction  without 
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any  alteration  of  the  brushes,  and  to  avoid  the  jolting  of  the  car 
breaking  contact. 

Two  views  of  these  brushes  are  given  in  fig.  227.  dx>  are  the 
spindles  passing  through  the  holders  to  which  electrical  connection 
is  made,  s  s  being  a  thin  flat  steel  spring,,  divided  into  four  strips. 
The  extremities  of  the  springs  are  connected  and  drawn  together 
by  india-rubber  bands  b,  and  a  small  block  of  a  special  metal,  c; 
is  fixed  to  the  middle  of  each  strip,  forming  the  contact  with  the 
commutator.  This  type  of  brush  is,  perhaps,  the  simplest  and 
most  effective  that  can  be  devised  for  the  purpose  ;  the  wear  takes 
place  at  the  hard  metal  contact-pieces,  which  are  so  fixed  that  they 
can  easily  be  taken  out  and  replaced. 

Fig.  Z26  illustrates  the  system  as  applied  to  a  line  in  France,  and 
an. important  feature  is  the  worm-gearing.    An  endless  sc^ew  gears 
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with  a  wheel  keyed  on  the  axle,  and  the  screw  is  connected  to  the 
armature  spindle  by  a  flexible  joint,  a  certain  amount  of  play 
longitudinally  being  also  provided  for.  The  screw  and  wheel  are 
effectively  protected  by  a  casing,  part  0/  which  is,  in  the  figure, 
removed  to  show  the  interior.  This  gearing  is  now  usually  em- 
ployed by  Mi;  Smith,  but  that  de\*ised  by  him  for  the  Blackpool 
line  is  remarkably  good,  and  is  still  in  use  there. 

The  latter  arrangement  ns  clearly  shown  by  the  diagraAi  in 
fig.  228,  for  permission  to  reproduce  which  we  are  indebted  to  the 
Council  of  the  Institution  of  Mechanical  Engineers. 

A  side  view  of  the  motor  is  shown,  and  m  is  a  pmion  at  the 
end  of  the  armature  shaft,  gearing  into  an  internal  toodiedwhed, 
w,  that  is,  a  wheel  having  teeth  on  its. inner  periphery.     The 
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pitch-circles  of  m  and  w  are  indicated  by  the  dotted  circles.  On 
the  outside  of  w,  that  is,  on  the  side  remote  from  the  motor,  is 
fixed  a  chain  pinion,  p,  gearing  by  a  chain  with  a  chain-wheel,  c, 
which  is  carried  on  the  car-axle. 

The  chief  objection  to  the  use  of  chain  gearing  is  that  the 
chain  always  gets  slack  after  a  time,  but  a  very  simple  and  effec- 
tive toangement  is  introduced  to  take  up  the  slack  and  so  over- 
come this  objection.  The  wheel  w  is  carried  by  an  adjustable 
bracket  or  arm,  a,  which  is  centred  on  the  motor- shaft,  that  is  tp 
say,  the  arm  is  capable  of  being  rotated  about  a  centre  which 
exactly  coincides  with  the  centre  of  the  shaft  Consequently,  the 
pinion  M  and  the  wheel  w  remain  in  gear  for  every  position  of  the 
arm,  because  the  distance  beti^'een  their  centres  remains  unaltered. 
The  arm  is  locked  in  position  by  bolts  passing  through  slots,  and 
it  is  an  easy  matter  to  loosen  these,  rotate  the  arm  through  a 
small  angle,  and  fix  it  in  the  new  position  if  the  chain  becomes 
slacL  The  placing  of  a  new  chain  in  position  also  becomes  a 
very  easy  matter. 

A  special  device  is  also  mtroducea  to  avoid  a  jerk  at  startmg, 
which,  as  has  been  remarked,  throws  a  severe  strain  on  the  gearing. 
The  connection  between  the  chain-wheel  and  the  axle  is  not  rigid, 
but  is  made  through  several  stout  spiral  springs  which  yield  and 
take  the  jolt  off  the  chain  when  great  pressure  is  suddenly  applied. 
The  chain- wheel  c  c  consists  of  a  loose  annular  rim,  having  four 
inwardly  projecting  pieces  placed  midway  between  the  arms 
radiating  from  the  hub  which  is  keyed  on  to  the  axle.  The 
ends  of  the  arms  are  connected  to  the  wheel  c  by  spiral  springs 
s  s,  as  shown  in  the  figure,  and  these  springs  extending  allow  the 
pressure  to  be  applied  more  gradually. 

The  motors  are  series- wound,  and  supplied  at  an  approximately 
constant  potential,  and  the  speed  is  regulated  by  the  alteration  of 
resistance  joined  in  series  with  the  motor  ;  for,  supposing  the  load 
to  be  constant,  any  increase  of  resistance  reduces  the  current 
flowing  through  the  armature  and  field- magnet  coils,  and  so 
reduces  the  speed  of  rotation ;  while  a  reduction  of '  resistance 
allows  the  current  to  increase,  and  therefore  also  the  speeds  The 
same  resistances  can  also  be  used  to  regulate  the  strength  of  the 
current  required  in  starting.    The  aim  has  been  to  make  the 
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arrangement  thoroughly  practical  and  workable  without  risk  of 
error  or  damage  by  an  inexperienced  driver,  and  also  to  allow  the 
variation  of  resistance  to  be  made  gradually,  without  employing  a 
targe  number  of  coils.  It  is  also  necessary  to  provide  a  large 
surface  for  radiation  in  the  case  of  the  lowest  resistances,  because 
they  have  to  carry  a  heavy  current,  and  the  Kent  generated  is 
considerable.  All  these  points  are  effectually  provided  for  without 
introducing  any  complication  whatever.  The  switch  is  in  the 
form  of  a  wooden  cylinder  with  brass  strips  of  various  lengths  on 
its  circumference,  which  make  reliable  rubbing  contact  with  stout 
flat  springs,  when  the  cylinder  is  rotated  by  .an  ordinary  lever. 
Only  four  coils  of  about  x  ohm  resistance  each  are  employed ; 
and  by  moving  the  switch  lever  the  following  nine  changes  can  be 
made  in  the  motor  circuit,  either  rapidly,  or  slowly,  step  by  step, 
as  desired     The  coils  are  denoted  by  a,  d,  c,  p. 


I.  Circuit  disconnected. 

2.   A,  B,  c. 

p  in  series. 

3.    A,  B,C 

n 

4.    A,B 

» 

5.    A 

6.   A,  B 

in  parallel. 

7.    A,B,C 

V 

8.    A,  B,  C, 

0 

9.  Resistance  coils  short-circuited. 

It  wiU  thus  l)e  seen  that  not  only  are  the  lower  resistances 
obtained  without  employing  extra  coils,  but  when  the  heaviest 
current  is  passing  the  heat  generated  is  being  spent  upon  the 
whole  of  the  mass  of  the  metal  employed. 

It  is  very  significant  that  probably  the  best  practical  wo'-k  in 
connection  with  electrical  traction  should  have  been  accomplishec 
by  a  man  who  is  primarily  a  mechanical  engineer.  His  success  is 
chiefly  due  to  the  practical  nature  of  his  work,  everything  being 
designed  to  suit  the  conditions  under  which  ft  is  intended  to  be 
employed,  and  the  capacity  of  the  people  who  are  to  make  use  of 
vL  He  has  also  devised  an  '  overhead  system,  in  which  the 
current  is  led  to  the  motor  by  a  flexible  conductor,  attached  to  a 
collector  which  slides  over  two  parallel  overhead  conductors.    Such 
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a  system  is  less  expensive  in  construction  and  easier  of  renewal  or 
repair  than  an  underground  one,  but  is  less  safe,  and  is  likely  to 
have  only  a  limited  use  on  public  roads  in  England. 

Mr.  Smith  has  lately  designed  another  meth'^d  of  constructing 
an  underground  conduit.  This  is  in  principle  similar  to  that 
already  described,  but  is  expressly  arranged  to  admit  of  the  con 
struction  anjd  repairs  being  more  readily,  and  therefore  more  cheaply, 
executed,  and  also' to  reduce  the  loss  by  leakage.  The  leakage  at 
an  insulator  takes  place  over  the  surface,  and  the  resistance  offered 
by  the  insulator  is  proportional  to  the  length  of  its  surface  in  the 
direction  of  the  flo\t,  and  inversely  proportional  to  the  width  of 
the  surface.  By  doubling  the  number  of  insulators,  the  width  of 
surface,  and  therefore  the  leakage,  is  doubled,  so  that  the  number 
of  points  of  support  for  the  conductor  should  "be  as  few  as  practi- 
cable. It  will  be  remembered  that  at  Blackpool  the  insulators  are 
only  about  a  yard  apart ;  in  the  newer  system  this  distance  is 
extended  to  about  5  yards,  but  then  it  is  hardly  possible  to  employ 
a  rigid  conductor.  Steel  troughing,  similar  to  that  shown  in  fig.' 
225,  is  used,  and  the  cylindrical  porcelain  insulators  are  placed 
vertically,  carr)'ing  on  the  underside  an  iron  hqok  which  supports 
a  short  loop  attached  to  a  cable.  The  upper  side  of  the  in- 
sulator is  of  rather  larger  circumference  than  the  lower,  and  the 
shoulder  thus  fonped  bears  upon  the  periphery  of  a  hole  in  a 
stout  piece  of  wood,  placed  in  the  bottom  of  the  trough.  This 
piece  of  wood  is  split  longitudinally,  and  the  two  parts  are  pressed 
together  (so  as  to  held  the  insulator  firmly)  by  a  wooden  wedge, 
which  is  driven  between  the  side  of  the  trqugh  and  the  wood. 
Over  the  insulator  the  trough  b*  covered  with  an  easily  removable 
iron  plate,  so  that  any  renewal  can  be  made  without  difficulty. 
The  troughing  is  secured  to  the  chairs  by  bolts  passing  horizon- 
tally through  a  hole  in  the  side  of  the  trough  and  a  vertical  slot 
in  the  chair,  so  that  by  merely  loosening  the  nut  of  the  bolts,  the 
trough  can  be  lifted  out,  and  the  channel  laid  quite  open. 

A  stranded  copper  cable  is  selected  for  the  conductor,  and  as 
the  distance  between  the  points  of  support  is  considerable,  the 
sag  on  this  heavy  cable  is  also  fairly  great  The  insulators  sup- 
porting the  two  parallel  cables  are  not  placed  opposite  each  other, 
but  alternately,  so  that  the  highest  point  of  one  cable  is  opposite 
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the  lowest  point  of  the  other.  The  collectors  are  semicircalar 
strips,  carried  one  at  each  end  of  a  flat  springy  the  strips  running 
underneath  and  partly  embracing  the  cables.  The  flat  spring 
presses  upwards  sufficiently  to  allow  the  strips  to  just  make  con- 
tact with  the  cables  at  their  highest  points,  and  as  the  sagg^'ng 
parts  of  the  cables  are  lifted  up  by  the  contact  strips  as  they  pass 
along  a  good  rubbing  contact  is  secured.  For  long  lines  one  or  two 
mdependent  and  carefully  insulated  main  cables  are  also  employed, 
these  being  connected  to  the  bare  conductors  at  various  points  by 
simple  switches.  The  switches  are  easily  accessible,  and  the  bare 
conductors  are  divided*  into  lengths  terminating  at  the  switches,  so 
that  any  faulty  length  can  be  cut  out  until  repaired. 

A  serious  disadvantage  attending  the  running  of  motors  in 
parallel  circuit,  supplied  with  current  at  a  constant  potential, 
results  from  the  fact  that  the  current  carried  by  the  main  leading 
wires  is  the  sum  of  the  current  supplied  to  the  whole  of  the  motors. 
AVhen  the  number  is  great,  this  main  current  becomes  enormous, 
and  the  main  conductors  must  be  correspondingly  massive,  to 
avoid  serious  loss  of  power ;  and,  of  course,  the  greatest  loss 
occurs  at  the  time  when  it  can  least  be  permitted,  ^ric  when  the 
motors  are  demanding  the  maximum  current  Many  difficulties 
disappear  in  a  system  of  distribution  of  power  to  motors  which 
require  to  be  supplied  \.  ith  a  constant  current,  for  all  the  machines 
can  be  joined  in  series,  and  the  mains  need  only  be  of  sufficient 
size  to  carry  the  current  required  by  one  machine  instead  of  the 
whole  of  them.  But  other  difficulties  arise,  chiefly  in  regard  to 
the  supplying  of  the  current  to  the  motors,  sufficiently  great,  in 
fact,  to  make  the  parallel  system  on  the  whole  more  practicable. 
The  series  system  has,  however,  recently  received  a  promising 
development  on  a  tram-.car  line  at  Northfleet,  and  we  will  briefly 
describe  the  leading  features  in  connection  with  this  undertaking. 

A  section  through  the  track  is  shown  in  fig.  229.  Between 
two  rails,  the  outer  one  of  which  forms  the  tread  for  the  car-wheel, 
is  an  opening,  ^  inch  wide,  to  a  conduit  of  the  shape  and  dimen- 
sions indicated  ;  the  current  is  led  from  the  generating  dynamo  to 
conductors  placed  in  this  conduit,  and  thence  to  the  motors  by 
suitable  connections  depending  from  the  car,  and  passing  through 
the  narrow  opening  between  the  rails.    At  intcn^als  of  alxiut  4  feet 
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are  placed  cast-iron  yokes  or  chairs,  to  the  tops  of  which  the  two 
rails  are  bolted,  the  walls  of  the  conduit  between  these  yokes  being 
formed  of  Portland  concrete  cement.  An  earthenware  tulje. 
3  in.  in  diameter,  is  embedded  in  the  concrete,  as  shown  at  a, 
and  in.  this  are  placed  cables  forming  •  the  main  conductors,  the 
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cables  employed  being  insulated  with  ozokensed  rubber,  and 
having  an  insulation  resistance  of  7,500  megohms  per  mile.  One 
cable,  marked  '  line '  in  fig.  230,  is  unbroken  for  the  whole  length 
of  the  road,  while  the  other  is  divided  into  lengths  of  about  2 1  ft. 
The  rails  also  are  21  ft  in  length,  and  on  both  sides  oi  the  joint 


are  placed  yokes,  i  ft  5  in.  apart,  a  chamber  being  formed  jn 
•  the  space- between  them.  In  ^ch  of  these  conduit  chambers  is 
placexl  an  arrangement  known  as  the  '  spring-jack '  (illustrated  in 
fig.  231),  consisting  of  a  pair  of  glazed  earthenware  blocks,  sup- 
l^orted  by  brackets,  cast  on  to  the  joint  yokes,  the  blocks  facing 
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each  other  oo  opposite  sides  of  the  tube.  To  each  block  is 
attached,  by  means  of  a  double  spiral  sprit^  a  gun-metal  casting, 
curved  at  the  ends,  but  flat  in  the  centre,  the  springs  being  of 
sufficient  strength  to  press  the  two  castings  together  with  a  force 
of  6  lb.  Two  terminals  are  fixed  en  the  outside  of  the  left-hand 
block,  each  being  electrically  connected  to  one  of  the  gun-metal 
^rips  as  shown.  The  ends  of  that  cable  which  is  divided  into 
31  ft  lengths  are  connected  to  these  terminals,  so  that  through- 
out the  whole  of  the  line  the  gun-metal  strips  are  in  series  with, 
and  form  part  of,  the  circuit  of  the  divided  cable  (see  fig.  230). 
The  current  passes  from  one  strip  to  the  other,  then  by  a  length 
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of  cable  to  the  next  spring-jack,  and  so  on  ;  it  is  led  to  the  motor 
by  forcing  two  conductors  between  the  strips,  these  conductors 
being  insulated  from  each  other  and  joined  each  to  one  of  the 
motor  terminals. 

This  collector,  or  *  arrow;  as  it  is  termed,  is  suspended 
under  the  car,  and  extends  for  its  full  length.  It  consists  of  two 
thicknesses  of  india-rubber  belting,*  each  having  a  broad  brass 
strip  riveted  to  it  for  nearly  its  entire  length,  and  the  nose  at 
each  end  is  shod  with  wrought-iron  brought  to  a  knife-edge,  so  as 
to  easily  force  its  way  in  between  the  two  faces  of  the  spring-jack. 
The  maximum  thickness  of  the  arrow  is  i  in.,  which  is  conse- 
quently the  extent  to  which  the  gun-metal  cheeks  are  separated. 
The  conductor  on  each  side  of  the  arrow  is  lapped  round  one  end, 
and  an  insulated  space  is  left,  slightly  greater  than  the  surface  of 
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contact  of* the  spring-jack,  near  the  extreme  ends  on  opposite 
sides,  as  will  be  seen  by  the  diagram  in  fig.  230,  where  a  is  the 
arrow,  and  b  b  the  insulated  spaces.  In  the  position  there  indi- 
cated, the  current  passes  from  one  contact  strip  of  the  spring-jack 
B*,  through  the  motor,  to  the  opposite  strip  of  the  next  spring-jack 
n,  the  strips  n'  b^  together  with  the  connecting  length  of  cable 
bet^-een  them,  being  cut  out  of  circuit 

A  moment  bter  the  collector  will  have  left  the  spring-jack 
B*  B*,  and  the  contact  strips  will  fly  together  and  complete  the 
circuit,  while  the  current  will  pass  from  the  other  strip  b'  through 
the  motor  to  n,  so  that  the  current  is  never  cut  off,  nor  is  the  motor 
short-circuited. 

The  contact  surfaces  of  the  spring-jacks  are  placed  in  the 
middle  of  the  conduit,  and  the  collector  arm  is  bent  round,  so 
that  the  collector  also  travels  along  the  middle  of  the  conduit ; 
consequently  the  contact  surfaces,  not  being  directly  under  the 
slot,  are  fairly  well  protected  from  dirt  or  water  entering  from  the 
roadway.  Suitable  outlets  are  provided  for  the  escape  of  water 
and  for  the  removal  of  any  sand,  stones,  &c.,  which  may  accumu- 
late, this  latter  operation  being  made  easier  by  the  fact  that  the 
conduit  is  empty  except  at  the  spring-jack  chambers.  The  con- 
stant rubbing  of  the  surfaces  of  the  opposing  gun- metal  strips 
keeps  them  bright  and  ensures  good  contact  when  they  arc  pressed 
together  by  the  springii. 

The  motors  are  supported  at  one  end  by  two  bearings  on  the 
axle,  and  susj^ended  at  the  other  end  by  a  spiral  spring  attached 
to  a  stout  beam  across^  the  ffame  of  the  car.  The  speed  of  the 
motors  is  unusually  low,  viz.  400  revolutions  per  minute,  the  object 
being  to  avoid  the  use  of  a  countershaft. 

Worm-gearing  is'  emplo)  ed,  reducing  the  speed  in  the  propor- 
tion of  9  to  2  ;  a  double  helical  pinion  on  the  armature  shaft 
gears  with  a  worm-wheel  ke>ed  on  the  axle,  so  that  this  wheel 
adx-ances  one  tooth  for  every  two  complete  revolutions  of  the 
armature. 

The  machines  are  scries  wound,  and  the  regulation  is  controlled 
by  two  massive  switches  placed  on  the  driving  platform.  In  order 
to  reverse  the  direction  of  rotation,  the  connections  of  the  ficld- 
jnagnet  arc  reversed  \  •>  means  of  one  switrh  ;  while  the  other  vano 


432  Electrical  Engmeiring  chap.  xn. 

the  value  of  a  set  of  resistance  coils,  which  are  joined  up  as  a 
shunt  to  the  field-magnet  coils,  and  afford  a  means  of  weakening 
or  strengthening  the  field  according  to  tke  power  and  S|)eed 
required. 

The  current  through  the  armature  being  kept  constant,  the 
maximum  power  is  obtained  when  the  field^magnets  are  unshunted 
and  take  the  whole  of  the  current,  and  this  arrangement  would 
be  adopted  for  mounting  an  incline,  while,  if  less  power  is  desired* 
the  field  can  be  weakened  by  shunting  the  field-magnets.  The 
shunts  are  arranged  to  provide  for  three  speeds,  aiid,  in  order  to 
stop  the  car,  the  field-magnet  is  short-cirruited,  the  current  still 
passing  through  the  armature. 

In  starting  a  motor  worked  on  the  parallel  system,  there  is 
sometimes  a  risk  of  the  armature  being  damaged  by  the  passage 
of  a  heavy  current ;  fbr  there  is  a  constant  potential  difference 
maintained  at  the  terminals  sufficient  to  determine  a  dangerous 
current,  should  the  armature  fail  to  quickly  get  up  speed  and 
develop  an  opposing  electro-motive  force.  No  such  danger  exists 
in  the  series  system,  the  current  strength  being  constant  under  all 
conditions. 

In  the  case  under  notice  a  Statter  constant-current  dynamo  is 
employed  for  the  purpose  of  generating  the  current.  The  method 
by  which  the  regulation  of  this  machine  is  effected  has  already 
been  fully  described. 

The  pressure  at  the  terminals  varies  from  a  small  value  up  to 
nearly  500  volts,  according  to  the  demand  made  by  the  motors  ; 
and  a  considerable  difference  is  made  in  tlie  power  expended 
by  reversing  the  field-magnet  connections  on  the  car,  when  it 
is  running  down-hill  and  when  no  power  is  required.  The  effect 
of  this  is  to  turn  the  machine  into  a  generator  for  the  time  being, 
its  E.XI.F.  assisting  that  of  the  niam  generator  and  reducing  the 
demand  made  upon  the  latter ;  so  that  a  large  amount  of  the  energy 
stored  in  the  car  during  its  journey  up-hill  may  be  usefully  em- 
ployed, instead  of  all  being  wasted  as  heat  at  the  brakes  ;  and 
when  a  large  number  of  cars  is  employed  on  an  undulating  line, 
this  becomes  an  important  advantage.  It  should  be  observed 
that  although  a  motor  supplied  at  constant  potential,  in  parallel 
circuit  with  others,  may  dam  back  the  current  when  the  speed 
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rises  in  running  down-hill,  and  so  absorb  less  power,  yet  it  cannot 
actually  assist  the  source  of  supply  in  feeding  the  circuit,  until  the 
speed  becomes  sufficient  for  the  machine  to  develop  an  e.m.f. 
higher  than  that  maintained  by  the  generator 

An  important  operation  in  connection  witl\.  a  dynamo-machine 
is  the  determination  of  its  commercial  efficiency;  that  is,  in  the  case 
of  a  generator,  the  ratio  of  the  electrical  power  appearing  in  Ui« 
external  circuit  and  available  for  useful  work,  to  the  total  mecha- 
nical power  spent  in  driving  the  machine  ;  and,  in  the  case  of  a 
motor,  the  ratio  of  the  useful  mechanical  power  obtained  on  the 
armature  shaft  to  the  total  electrical  power  absorbed.  The  accurate 
measurement  of  the  mechanical  power  in  either  case  presents 
some  difficulty.  The  usual  method  is  to  employ  a  transmission 
dynamometer,  or  a  friction  brake,  to  determine  the  horse-power 
expended  or  obtained,  as  the  case  may  be,  but  it  is  not  possible 
with  either  class  of  apparatus  to  be  certain  of  obtaining  any  but 
an  approximately  correct  result.  The  electrical  power,  on  the 
other  hand,  can  be  measured  with  extreme  accuracy,  it  being 
simply  necessary  to  find  the  current  strength  in,  and  the  potential 
difference  at  the  extremities  of,  the  external  circuit  of  a  generator  ; 
and  the  current  passing  through  a  motor,  together  with  the  E.M.r. 
at  its  terminals  ;  the  product  of  the  two  quantities  in  either  case, 
gives  the  power  in  watts. 

If  it  were  possible  to  arrange  matters  so  that  it  would  become 
essential  to  measure,  by  a  mechanical  process,  only  a  small  fraction 
of  the  total  mechanical  power  given  to  a  generator,  say  one-tenth 
(the  other  nine-tenths'^being  measured  electrically),  then  a  much 
more  accurate  result  might  be  obtained ;  for  any  error  made  in 
measuring  this  fraction,  when  distributed  over  the  whole  amount, 
would  have  but  one-tenth  the  value  of  that  which  would  other- 
wise accrue.  And,  further,  it  is  far  easier  to  accurately  determine 
the  value  of  a  small,  than  of  a  fairly  large  amount  of  mechanical 
power. 

An  important  departure,  rendering  such  a  method  possible, 
was  made  some  time  since  by  t>r.  Hopkinson.  He  takes  two 
approximately  equal  machines,  and,  driving  one  as  a  generator, 
leads  wires  from  it  to  the  other,  so  connected  that  the  current 
developed  by  the  first  machine  drives  the  second  as  a  motor. 

r  F 
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Now,  the  power  appearing  on  the  motor  shaft  is  \t,%%  than  that 
spent  on  the  generator,  by  an  amount  equal  to  the  power  absorbed 
by  friction,  by  the  heating  of  the  various  conductors,  armature 
Ceres,  &c.,  in  the  two  machines. 

But  the  power  v/hich  does  appear  on  the  motor-shaf*.  might  easily 
be  employed  to  assist  in  driving  the  generator;  and  this  is  effected 
by  the  simple  process  of  rigidly  coupling  the  shafts  of  the  two 
machines  together ;  so  that,  then,  the  only  mechanical  power 
required  to  be  supplied  and  measured,  is  an  amount  equal  to  that 
just  referred  to  as  being  wasted  in  the  various  parts  during  the 
double  conversion. 

This  fraction,  thus  supplied,  is  conveniently  measured  by  a 
dynamometer  of  the  Hefner-Alteneck  type,  which  measures 
directly  in  pounds  the  difference  between  the  pull  on  the  tight 
and  slack  sides  of  the  belt,  that  is,  the  actual  pull  causing  the 
rotation  of  the  pulley.  This  number,  multiplied  by  the  number  of 
feet  travelled  by  the  belt  per  minute,  gives  the  number  of  foot- 
pounds of  work  performed  in  one  minute,  which,  divided  by  33,000, 
gives  us  the  horse-power  supplied  by  the  belt ;  since  one  horse- 
power is  a  rate  of  working  equal  to  33,000  foot-pounds  per  minute. 
With  the  particular  dynamometer  employed  in  one  test  made  by 
Dr.  Hopkinson,  the  pointer  moved  over  one  division  of  the  scale 
for  a  pull  of  2705  lb.  on  the  tight  side  of  the  belt  in  excess  of 
that  on  the  slack  side,  and  the  radius  of  the  pulley  was  such  that 
one  revolution  corresponded  to  an  advance  of  the  belt  through 
3*63  feet ;  in  this  case,  then,  th**  work  done  i>er  revolution  was 
2' 705  X  3*()3  foot-pounds,  for  one  scale-division. 

From  this  it  will  be  seen  that  if  t  represents  ilie  number  of 
scale  divisions   traversed   b)  the  pointer,  and  n  the  number  of 

revolutionb   per  mmute,  then  th»»  power  applied  =  i- ^^5 — 3—3 

33,000 
X  /I  X  T  s=  0*000298  X  //  X  T  honse-powcr. 

A  number  of  experiments  were  made  with  the  machines  in  the 
cas^  under  notice,  and,  ajs  the}  are  interesting,  the  full  results  of 
one  test,  as  furnished  l)y  the  experimenter,  are  appended. 

The  electrical  connections  wer»»  made  as  in  fig.  232,  where  G 
and  r^  represent  the  armature  and  ficld-magnet  of  the  generator, 
and  3j  and  f  ///  those  of  the  motor.     The  heavy  lines  indicate  the 
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main  connections  between  the  two  machines,  and,  in  order  to 
measure  the  current,  a  small  accurately  known  resistance,  r,  is 
placed  in  the  main  circuit ;  to  the  extremities  of  r,  are  connected 
wires  leading  from  a  potentiometer,  by  means  of  which,  with  a 
Clark  standard  cell,  the  potential  difference  between  the  ends  of 
the  resistance  can  be  accurately  measured. 

This  potential  difference,  divided  by  the  resistance  (which  was 
I  in  this  case  0*0058  ohm),  would  give  the  current  flowing  through 
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the  main  wire.  The  potential  difference  between  the  terminak 
of  the  generator  was  measured  by  a  Thomson  graded  voltmeter, 
previously  standardised  by  a  Clark  cell. 

Now,  the  two  machines  were  exactly  alike,  and,  consequently, 
if  joined  in  opposition  (as  two  shunt  machines  must  be^  when'  one 
is  required  to  drive  the  other),  and  then  driven  at  eqtal  speeds, 
no  current  would  flow  from  one  armatui:e  to  the  other,  for  they 
would  generate  equal  e.m.f.'s,  or,  in  other  words,  the  counter- 
electro-motive  force  of  .the  motor  would  be  equal  to  the  electro- 
motive force  of  the  generator.  For  this  reason,  it  is  necessary  to 
weaken  the  strength  of  the  motor  field,  and  this  was  effected  by 
placing  a  set  of  variable  resistances,  p,  in  series  with  the  motor 
fleld-magnet  coils ;  and,  by,  altering  this  resistance,  the  cunrent 
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passing  through  the  motor  armature  could  be  varied  at  pleasure. 
The  motor  field-magnet  coils,  together  with  p,  form  a  shunt  to  the 
generator  terminals  ;  the  motor  armature  thus  receiving  the  whole 
of  the  current  passing  through  r.  And,  since  the  resistances  of 
the  two  field-magnet  circuits  are  known,  the  current  in  each  can 
readily  be  calculated  after  the  potential  difference  at  the  generator 
terminals  has  been  measured. 

The  resistances  of  the  armatures  and  field-magnet  coils  of  the 
two  machines  were  : — 

Generator  Armature   .  .      0*009947  ohm. 

Field-magnets  .  16*93  „ 

Motor  .  Armature  .  0*009947     ^ 

Field-magnets  .  16*44  i* 

X.  Ihe  two  dynamos  were  run  with  brushes  removed  and  with 
the  fields  unexcited. 

Scale  reading       s=  21*6  divisions.  ' 
Revs,  per  minute  =  808. 
Horse-power        s=  5*2. 

3.  The  two  fields  were  separately  excited,  and  the  dynamos 
driven,  still  with  the  brushes  off,  when 

Scale  reading       .        •  .  s=  30  divisions. 

Revolutions  .        .        .        .  =s  802. 

Shunt  current  in  field  of  generator  ss  6*9  amperes. 

„  „      .    „     motor     .  =  6*7        „ 

Horse-power        .  .  =r  7*i69» 

3.  The  connections  were  made  as  in  fig.  232,  and  the  following 
results  were  obtained  : — 

E.M.F.  at  terminals  of  generator  .  ==  110*12  volts. 

Main  current  .  =s      358  amperes. 

Current  through  generator  magnets  =     6*50        „ 

Current  through  motor  magnets  .  =     5*36        „ 

E.M.F.  at  terminals  of  motor  •  .  =  107*33  volts. 

Speed  of  machines        •        .  .  s=       764  revs,  per  minute. 

Power  transmitted  by  belt     .  .  ss    6602  watts  =  8-850  h.-p. 
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Total  power  given  to  generator      .   =  42917  watts  «=  57-53  h..p. 
Power  lost  in  armature  core  .        .   =       831      „     a=    i*xi    „ 
Power  lost  in  generator  magnets   .as       716     „     ss    0*96    „ 
Power  lost  in  generator  armature  .   =     1360     „     s=    i*833  „ 

And  therefore — 

Commercial  efficiency         .        .        .  «  93-23  per  cent 

Loss  in  core ss    1*94       ,, 

„     magnets         .        .         .     '   .  ass    i-66       „ 
„     armature         .        .        .        .  ss    3*17       „ 

Similarly  for  the  motor — 

Total  power  ^ven  to  motor         .    =»  38886  watts  =  52-13  h.-p. 

Power  lost  in  internal  friction  ofl  o 

core    .        .        .         .         •  • 

Power  lost  ^n  motor  magnets       .   =  472      „      s=    0-63    „ 

„          „         „      armature      .   =  1275     „      «     1-70    „ 


And  therefore— 

Commercial  efficiency  of  motor  .  .  a=  93*37  per  cent 

Loss  in-core        .        .  .  =    2-14       „ 

„      magnets  .  .  .  «     1-22       „ 

„      armature         .  .  ss    3*27       „ 

The  loss  due^  to  friction  of  the  bearings  and  one  or  tus-o  un- 
important causes,  has  then  to  be  determined  and  deducted,  to 
obtain  the  real  commercial  efficiency,  which,  after  this  deduction, 
wsis  found  to  be :  motor  92-6  per  cent,  and  generator  -92*5  per 
cent 

These  efficiencies  are  phenomenal,  and  would  seem  to  indicate 
some  error  in  measurement ;  but  the  method  itself,  being  a  good 
qne,  merits  careful  attention  on  the  part  of  the  student 

One  disadvantage  of  the  original  method  is  that  it  is  necessary 
to  have  two  approximately  similar  machines  in  order  to  perform 
the  test,  and  this  is  sometimes  inconvenient.  A  number  of  modifi- 
cations of  the  method  have,  however,  been  suggested,  the  measure- 
ment of  even  a  fraction  of  the  power  mechanically  being  in  some 
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cases  avoided  by  obtaining  the  extra  power  representing  the  total 
uteste  by  means  of  a  small  motor,  and  measuring  the  amount  so 
tuppliedy  electricxUly. 

Any  one  of  the  alternate-current  dynamos  described  in 
Chiqiter  VIIL  can  be  used  as  a  motor ;  that  is  to  say,  its  moving 
parts  can  be  caused  to  rotate,  and  mechanical  power  obtained  on 
the  armature  or  field-magnet  shaft,  as  the  case  may  be,  by  supply- 
ing power  electrieaUy  by  means  of  a  suitable  aitematitt^  current 
Sudi  machines  have  some  important  advantages,  and  some  serious 
disadvantages  ;  there  is  no  doubt,  however,  that  the  latter  will 
shortly  be  overcome,  as  at  the  present  moment  more  energy  is 
being  brought  to  bear  upon  the  evolution  of  a  practical  alternating 
current  motor,  than  upon  any  other  electrical  problem. 

The  chief  advantages  are,  first,  that  the  electrical  power  can 
better  be  applied  at  a  high  potential  difference  with  a  compara- 
tively small  current,  thus  minimising  the  loss  in  the  conducting 
leads ;  and,  secondly,  that  the  machine  is  perfectly  self-regulating 
as  regards  speed,  in  spite  of  4oad  variations,  for  it  keeps  perfect 
time  with  the  generator.  Its  speea  can  readily  be  varied  by  varying 
the  rate  of  alternation  of  the  supply  current,  although  this  method 
is  impracticaUe  for  obtaining  frequent  speed  alterations,  or  if  the 
same  generator  is  supplying  more  than  one  motor.  The  necessity 
for  an  alternating  motor  is  apparent,  since  so  much  distribution 
for  lighting  purposes  is  now  being  effected  by  alternating  currents, 
while  up  to  the  present  no  sadsfieurtory  motor  is  available  for 
general  use  on  such  a  circuit 

The  principal  disadvantages  are  that  the  machine  cannot  start 
itself  as  can  a  direct-current  motor,  but  has  to  be  independently 
driven  up  to  the  speed  of  the  generator  ;  while  if  the  load  is  made 
excessive  the  motor  stops  entirely,  and  1ms  to  be  again  started  by 
iome  external  means.  The  machine  will,  however,  make  great 
^orts  to  respond  to  the  extra  work  thrown  upon  it,  and  to  keep  in 
synchronism  with  the  generator,  but  will  surely  fisiil  immediately 
the  load  is  sufl&dent  to  drag  it  out  of  unison. 

It  is  extremely  inconvenient,  and  requires  considerable  power 
to  start  a  large  machine,  whence  any  device  to  facilitate  this  is 
very  welcome.  Perhaps  the  most  practical  method  yet  devised  is 
that  due  to  Mr.  Mordey,  who  employs  for  the  purpose  the  9mall 
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machine  used  to  excite  the  field-magnets.  This,  as  seen  in  fig. 
140,  is  coupled  direct  to  the  main-shaft,  and  its  current  at  times 
passes  through  and  chargeb  a  small  secondary  battery.  AVhen  the 
machine  is  to  be  started  the  current  from  thT  battery  is  passed 
through  the  exciter  for  a  minute  or  two,  converting  it  into  a 
motor,  which  puts  the  alternate- current  machine  into  rotation. 
As  soon  as  synchronism  between  the  motor  and  the  generator  is 
obtained,  the  former  is  switched  iRto  circuit  and  continues  to  run.' 

Some  extremely  good  results  have  been  obtained  with  Mordey 
alternators  when  used  as  motors,  proving  them  to  be  all  that  can 
be  desired  for  classes  of  work  in  which  the  speed  does  not  require 
to  be  varied,  or  whei-e  frequent  stoppages  are  not  necessary. 

From  these  motor  properties  of  an  alternator,  results  the  very 
important  fact  that  two  independently  driven  alternating  generators 
can  be  run  in  parallel,  that  is  to  say,  their  armatures  can  be  con- 
nected in  parallel  so  that  the  two  machines  can  jointly  supply 
power  to  the  external  circuit  It  is,  however,  essential  ihat  the 
two  machines  shall  give  the  same  rate  of  alternation,  and  also 
run  co-phasally,  that  is  to  say,  the  maximum  positive  electro- 
motive force,  and  also  the  maximum  negative  electro-motive  force 
of  the  two  machines  must  coincide  in  point  of  time.  Then 
the  resultant  e.m.f.  is  the  same  as  that  of  one,  while  the  current, 
and  also  the  power  developed,  will  be  doubled.  Now  the  remark- 
able fact  is,  that  the  two  machines  will  make  great  efforts  to  keep 
in  phase,  and  will  do  so,  even  if  the  mechanical  power  supplied  to 
one  is  increased  or  diminished  within  a  reasonable  limit  To 
explain  this  extremely  important  mutual  action  we  may  remember 
that  the  reaction  between  the  armature  and  field  magnets  of  a 
direct-current  dynamo  is  such  as  to  tend  to  stop  the  rotation,  and 
this  tendency  becomes  stronger  as  the  current  in  the  armature 
increases,  while  a  weakening  of  the  current  of  course  reduces  the 
resistance  to  rotation.  The  speed  might  therefore  be  diminished 
by  increasing  the  current  flowing  through  the  armature,  by  some 
external  means,  while  by  inserting  an  opposing  k.m.f.  in  circuit, 
and  reducing  the  current,  the  speed  could  be  increased  And  if 
the  opposing  e.m.f.  exceeded  that  developed  by  the  machine,  the 
current  through  the  armature  would  be  reversed,  and  the  machine 
.would  run  as  a  motor. 
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Now,  these  e/Tef'tR  can  be  obtained  \vith  an  altemate-corrent 
dynamo.  That  is  to  say,  if  the  brief  currents  generated  by  it  are 
increased  in  strength,  the  tendency  will  be  for  the  machine  to  slow 
down,  while  if  an  opposing  alternating  e  m.f.  acts  in  such  a  manner 
as  to  reduce  these  currents,  the  machine  will  quicken  its  speed, 
and  it  will  run  as  a  motor,  doing  work  for  the  moment  on  the  prime 
mover,  if  the  opposing  £.it.ir.  is  sufficient  to  determine  a  current 
in  the  reverse  direction. 

Now  when  two  alternators  are  driven  independently  and 
coupled  in  parallel,  and  one  begins  to  lag  behind  the  other,  the 
maximum  e.m.f.  of  the  leading  machine  occurs  a  moment  earlier 
than  that  of  the  other,  and  consequently  a  heavy  current  flows 
from  the  leading  to  the  lagging  machine  for  a  very  brief  interval  of 
time  This  current  being  opposite  in  direction  to  that  which  is 
then  lieing  generated  by  the  lagging  machine,  tends  to  drive  it  as 
a  motor  and  to  accelerate  its  speed  ;  or  if  the  difference  of  E.M.r. 
is  not  sufficient  to  set  up  a  reverse  current,  it  weakens  the  existing 
one  with  the  effect  of  allowing  the  lagging  machine  to  catch  up^ 
as  already  explained.  On  the  other  hand,  the  later  occurring 
E.M.F.  of  the  lagging  machine  will  tend  to  increase  the  current  in 
the  leading  one  and  so  pull  it  up.  These  reactions  will  com- 
mence immediately  the  alternators  tend  to  get  out  of  phase,  and  in 
well-designed  machines  the  effect  is  so  prompt  and  forcible  that 
they  run  together  perfectly  in  spite  of  inequalities  in  tlie  driving. 
It  becomes  very  important,  therefore,  to  decide  what  qualities 
and  peculiarities  a  machine  should  possess  to  fit  it  for  parallel 
working.  Until  recently  it  had  been  supposed  that  it  was  abso- 
lutely necessary  for  such  a  machine  to  have  considerable  self- 
induction,  but  even  then  the  performance  was  admitted  to  be 
somewhat  difficult  and  uncertain.  Consequently,  an  armature 
without  an  iron  core,  and  with  few  convolutions,  was  deemed  to  be 
undesirable  ;  but  these  views  have  been  somewhat  shaken,  and, 
to  a  great  extent,  entirely  reversed,  by  the  recent  researches  of  Mr. 
Mordey.  That  gentleman  starts  with  the  assumption  that  since  the 
maintenance  of  synchronism  depends  upon  the  motor  fnoperties  of 
the  two  alternators,  the  machine  be^st  fitted  for  parallel  working 
must  be  one  which  possesses  these  properties  to  a  high  degree. 

Consequently,  the  armature  should  have  hctle  resista^icei  and 
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very  little  self-induction,  and  then  the  transfer  of  power  by  means 
of  brief  currents  from  one  machine  to  the  other,  which  serves  to 
hasten  or  retard  as  required,  takes  place  much  more  suddenly,  and 
the  regulating  action  is  much  more  prompt  and  forcible.  Of 
course,  the  armature  will  have  some  self-induction  and  some  re 
sistance,  but  it  is  satisfactory  to  know  that  neither  of  these  unde 
sirable  factors  need  be  made  abnormally  high,  merely  for  the 
sake  of  rendering  parallel  working  practicable.  It  is  probable, 
however,  that  there  is  a  limit  depending  upon  other  conditions, 
(such  as  the  rate  of  alternation,)  below  which  it  is  inadvisable  to 
reduce  the  self-induction,  and  that  some  definite  relationship 
between  self-induction  and  resistance  should  exist  for  any  given 
case  ;  but,  on  the  other  hand,  it  is  possible  that  this  limit  is  very 
low,  and  that  the  working  rule  will  be  to  make  the  two  factors 
concerned  as  low  as  is  practicable. 

In  the  Mordey  alternator,  which  has*  no  iron  in  the  armature, 
self-induction  has  a  low  A-alue,  so  low,  in  fact,  as  to  unfit  the  machine 
for  parallel  working  if  the  old  theory  were  correct  In  order  to 
support  his  views  on  the  subject,  the  inventor  made  an  exhaustive 
series  of  tests  with  two  of  these  machines,  each  being  similar  in 
appearance  to  that  depicted  in  fig.  140,  but  having  an  output  of 
50  hni^e-pov.-er,  with  a  maximum  p^m.k.  of  2,000  volts,  at  a  speed 
of  ISO  revolutions  per  minute.  The  details  of  one  set  of  tests  are 
given  below.  It  should  be  noted  that  the  machines  were  driven 
by  two  independent  engines,  not  connected  in  any  way,  and  pro 
vided  with  heavy  fly-wheels  ;  each  engine  also  drove  a  heavy  set 
of  countershafts,  fitted  with  a  number  of  l^elts,  &:c.,  so  that  the 
momentum  was  considerable. 

1.  The  alternators  were  run  up  to  full  speed,  and  each  excited 
to  give  2,000  volts.    \\*hen  in  phase  they  were  switched  in  parallel 
without  any  external  load,  and  without  the  insertion  of  any  sel* 
induction  ooib  or  resistance  l^etwcen  them.     They  ran  in  parallel 
perfectly. 

2.  A  considerable  induction1e»s  load  was  then  put  on,  varied, 
and  taken  o£ll     lliey  ran  equally  well  under  all  circumstances. 

5.  They  were  uncoupled,  and  then,  the  load  being  connected 
to  the  mains,  thev  were  suddenly  and  simultaneously  switched 
in  parallel  a:id  on  to  the  mains  with  perfect  success. 
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4.  One  alternator  was  excited  to  give  1,000  volts,  the  other 
giving  2,000  volts.  They  were  then  switched  in  parallel,  and  went 
into  step  perfectly,  giving  a  terminal  potential  difference  of  about 
1,500  volts.  No  extra  self-induction  or  resistance  wsis  inserted  in 
this  or  in  any  other  case.  A  load  was  then  put  on  without  affect- 
ing their  behaviour. 

5.  With  one  machine  at  1,000  volts  and  the  other  at  2,000  volts, 
they  were  switched  in  parallel  when  out  of  phase,  and  instantly 
went  into  step.  A  large  current  appeared  to  pass  between  them 
for  a  fraction  of  a  second,  but  not  nearly  long  enough  to  enable 
it  to  be  measured  or  to  do  any  harm. 

6.  They  were  then  left  running  in  parallel  while  one  was  dis- 
(^onnected  from  the  engine,  by  its  belt  being  shifted  from  the  &st 
to  a  loose  pulley.  It  continued  to  run  as  a  motor  synchronously. 
A  load  of  lamps  was  at  the  same  time  on  the  circuit 

7.  The  two  machines  were  then  uncoupled  and  excited  up  to 
2,000  volts.  They  were  then  switched  in  parallel  when  out  of  phase 
and  without  any  external  load,  and  went  into  step  instantly. 

8.  Whilst  running  as  in  7,  steam  was  suddenly  an4  entirely 
shut  off  one  engine.  The  alternators  kept  in  step  perfectly,  one 
acting  as  a  motor  and  driving  the  large  engine  and  all  the  heavy 
countershafting  and  belts.  It  was  impossible  to  tell,  except  by 
the  top  of  the  belt  becommg  tight  instead  of  the  bottom,  which 
machine  was  the  motor. 

To  find  the  power  exerted  by  the  alternator  acting  as  a  motor 
in  3,  a  direct  current  motor  was  put  in  its  place,  and  the  power 
requircfd  to  drive  the  engine  and  shaftiAg  was  found  to  be  20 
horse-power. 

The  above  results  speak  for  themselves  ;  but  a  word  of  ex- 
planation may  be  given  with  respect  to  No.  5.  There  is  an  E.M.F. 
in  excess,  of  506  volts,  which-  would  be  competent  to  send  an 
enormous  current  through  the  low  resistance  of  the  two  arma- 
tures, the  low  self-induction  not  being  able  to  prevent  it,  even 
though  it  is  only  applied  in  the  same  direction  for  a  very  brief 
moment  No  such  dangerous  currerit  was  observed,  and  there 
must  evidently  be  some  other  cause  to  prevent  or  modify  it  This 
rather  interesting  point  has  been  very  simply  explained  by  Sir 
William  Thomson,  who  points  out  that  the  effect  of  a  sudden 
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increase  of  the  current  at  any  instant  through  the  two  armatures,  in 
the  direction  determined  hy  the  excess  of  E.M.F.  of  the  more 
powerful  machine,  is  to  tend  to  increase  the  strength  of  the  Aeld 
of  the  weaker,  and  to  decrease  that  of  the  stronger  machine.  So 
that  although  a  strong  current  would  be  started  round  the  two 
armatures,  its  effect  would  be  to  immediately  strei\gthen  the  field 
of  the  1, 000. volt  and  oppose  that  of  the  2 000- volt  machine,  until 
the  K.M.F.  developed  by  each  would  have  nearly  the  same  value, 
VIZ.  1,500  volts.  This  brief  equalising  current  would  pass  twice 
for  every  complete  alternation. 
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CHAPTER  XIII. 

TR.VKS  FORMERS. 

When  it  is  desired  to  convey  energy  to  a  disUnce  by  meaAs  of 
electricity,  either  for  the  purpose  of  producing  h'ght  or  mechanical 
motion,  the  chief  problem  to  be  faced  is,  how  to  reduce  to  a 
minimum  the  waste  of  energy  during  the  transmission.  We  have 
seen  that  when  a  wire  is  used  to  convey  a  current,  the  rate  at 
which  energy  is  lost  in  that  wire  can  be  measured  by  multiplying 
together  the  current  strength  in  amperes  and  the  difference  of 
potential  between  the  ends  of  the  wire  in  volts,  the  result  being 
the  number  of  watts  so  expended.  And  since  the  electro-motive 
force  is  equal  to  the  product  of  the  resistance  of  the  wire  and  the 
current  flowing,  the  loss  in  watts  may  also  be  calculated  as  the 
product  of  the  resistance  and  the  square  of  the  current  strength. 
Thjit  is  to  say,  in  the  'irst  place  the  power  expended  in  any  part 
of  a  circuit  is  proportional  to  the  resistance  of  that  part.  Sup 
pose,  for  example,  a  dynamo  were  employed  lo  furnish  current  to 
a  number  of  lamps  arranged  in  parallel,  their  jomt  resistance 
being  jo  ohms  ;  then  if  the  resistance  of  the  machine  and  leads 
or  connecting  wires  were  also  lo  ohms,  exactly  as  much  power 
would  be  wasted,  as  would  be  usefully  expended  in  the  lamps,  a 
state  of  affairs  which  manifestly  could  not  be  tolerated.  If  the 
resistance  of  the  machine  and  leads  were  reduced  to  i  ohm,  then 
the  i>owcr  wasted  would  be  one-tenth  of  that  usefully  employed, 
and  so  on. 

The  resistance  of  the  combination  to  which  power  has  to  be 
supplied  is,  as  a  rule,  extremely  low  ;  and  when  the  lamps  or  motors 
are  joined  in  parallel,  the  current  carried  by  the  mains  is  equal  to 
the  sum  of  that  required  by  the  whole  of  them.  Consequently  the 
resistance  of  these  mains  mvst  be  kept  extremely  low,  a  small  frac- 
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tion  of  an  ohm  in  fact,  otherwise  the  proportion  which  the  power 
wasted  bears  to  the  total  quantity  of  powejr  developed  becomes 
excessive.  *  To  keep  the  resistance  low  copper  of  high  conductivity 
must  always  be  employed,  but  the  practical  limit  as  regards  sec- 
tional area  is  quickly  reached  on  account  of  the  high  price  of  that 
metal. 

Speaking  generally,  it  may  be  said  that  transmission  of  energy 
to  any  distance  by  electricity  is  not  economical,  if  we  depend  upon 
reducing  waste  merely  by  increasing  the  conductivity  of  the  leads. 
Again  stating  the  case  as  : 

Watts  lost  «=  c«R, 

where  r  is  the  combined  resistance  of  the  leads  and  generator, 
we  see  that  the  only  other  way  out  of  the  difficulty  is  to  reduce 
the  current  strength. 

If  this  can  be  done  the  advantage  is  very  decided,  for,  by 
halving  the  current,  the  power  wasted  in  any  portion  of  the  circuit 
is  reduced  to  one-fourth.  It  may  not,  however,  be  evident  at  first 
sight,  how  with  this  reduced  current  the  same  amount  of  eneigy 
can  be  transmitted  in  an  equal  time. 

Digressing  for  a  moment,  in  order  to  introduce  an  analogy,  the 
student  will  probably  be  aware  that  in  transmitting  power  mecha- 
nically to  a  distance  by  a  slowly  moving  cable,  it  is  imperative 
that  the  cable  and  the  rest  of  the  moving  parts  shall  be  very  strong 
and  massive,  and  consequently  the  power  lost  by  fiiction,  &c., 
becomes  enonnous.  But  the  energy  transmitted  per  minute  is 
equal  to  the  pull  on  the  cable  in  pounds,  multiplied  by  the  distance 
in  feet  through  which  the  cable  moves  in  a  minute ;  so  that,  by  in- 
creasing the  velocity  of  the  cable,  the  strength  and  size  of  it  and 
of  the  other  moving  parts  can  be  correspondingly  reduced  without 
reducing  the  amount  of  energy  transmitted  per  minute.  It  is  in 
fact  possible  to  transmit  enormous  power  by  means  of  a  light  wire 
cable,  if  it  travels  with  sufficient  rapidity ;  «uid  the  loss  due  to 
friction  is  obviously  reduced  with  the  reduction  in  sixe  and  weight 
of  the  moving  parts.  Even  if  it  is  essential  for  the  power  so 
transmitted,  to  be  taken,  say,  from  a  slowly  rotating  wheel,  it  is 
still  economical  to  transmit  it  at  a  high  velocity,  and  effect  the 
necessary  reduction  in  speed  by  suitable  gearing. 
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Somewhat  similarly,  very  great  power  can  be  conveye4  electri- 
cally by  a  comparatively  small  current  traversing  a  thin  wire,  if 
only  the  electric  pressure  or  potential  difference  is  sufficiently  high ; 
for  the  power  in  watts  may  be  calculated  as  the  product  of  these 
two  factors,  and  no  difference  in  the  amount  is  made  by  reducing 
one  of  them,  if  the  other  is  increased  in  Hke  proportion. 

But  unfortunately  it  rarely  happens  that  electrical  power  can 
be  utilised  at  a  high  pressure  :  for  instance,  no  volts  is  usually 
the  maximum  pressure  required  by  a  set  of  incandescent  lamps 
joined  up  in  parallel,  and  consequently  it  becomes  necessary  to 
employ,  if  possible,  some  arrangement  which  shall  perform  the  same 
function  as  does  mechanical  gearing*  in  reducing  speed.  That  is 
to  say,  we  require  some  apparatus  competcVit  to  receive  electrical 
power  in  the  form  of  a  small  current  at  a  high  potential  difference, 
and  again  give  out  that  power  in  the  form  of  a  heavy  current,  and 
at  a  corresix)ndingly  lower  potential  difference. 

It  is  possible  to  construct  such  apparatus  ;  and  before  pro- 
ceeding further  we  may  notice  the  two  chief  i>oints  to  be  borne  in 
mind  in  designing  it : — 

1.  The  proportions  of  the  parts  must  be  so  calculated  that 
the  reduction  is  effected  in  the  desired  ratio  ;  or,  the  value  of 
the  resulting  potential  difference  must  be  the  required  fraction  of 
that  applied  to  the  apparatus. 

2.  The  loss  in  power  during  the  conversion  must  be  kept  as 
low  as  practicable  ;  that  is  to  say,  the  design  must  be  such  that 
the  efficiency  of  the  apparatus  is  high. 

The  conversion  from  a  high  to  a  lower  potential  is  rendered 
possible  by  the  fact  already  fully  explained,  that  by  starting  or 
stopping  a  current  in  a  circuit,  a  brief  current  can  be  induced  in  a 
neighbouring  wire.  The  circuit  in  which  the  original  current  is 
started  or  stopped  is  called  the  *  primary '  circuit,  while  that  in 
which  the  currents  are  induced  is  called  the  *  secondary  *  circuit 

In  order  to  obtain  the  maximum  effect,  it  is  necessary  to 
arrange  that  the^  secondary  circuit  is  cut  by  as  many  as  possible  of 
the  lines  of  force  generated  by  the  primary.  The  best  method  is 
to  wind  the  wire  in  two  coils,  and  placing  them  close  together, 
provide  plenty  of  iron  in  the  vicinity  in  order  to  make  the  primary 
lines  of  force  extend  out  beyond  the  secondary  coil.     The  iron 
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should  in  fact  form  a  closed  magnetic  circuit  of  low  resistance, 
embracing  both  coils.  But  since  the  rapid  reversab  of  the  current 
generate  eddies,  the  iron  must  be  carefully  laminated  ;  in  any  case^ 
a  certain  amount  of  power  is  wasted  by  hysteresis. 

Suppose  the  number  of  convolutions  in  the  two  coils  to  be 
equal ;  then  by  sending  a  rapidly  alternating  current  through  the 
primary,  an  alternating  current  of  about  the  same  strength  might 
T>e  obtained  in  the  secondary.  Again,  the  secondary  might  con- 
sist of  a  great  length  of  wire  in  many  convolutions,  thin  wire 
being  employed  to  enable  it  to  be  kept  near  to  the  primary. 
In  this  case  the  primary  lines  of  force  would  cut  the  secondary 
circuit  many  times,  and  the  induced  e.xi.f.  would  be  much  greater 
than  that  urging  the  current  through  the  primary.  But  since  the 
power  obtained  from  the  apparatus  cannot  be  greater  than  or  even 
equal  to  that  given  to  it,  a  corresponding  reduction  in  the  other 
factor  would  be  observed  ;  in  other  words,  while  the  e.m.f.  had 
been  enormously  increased,  the  current  would  have  been  far 
feebler  than  that  in  the  primary. 

The  student  is  probably  familiar  with  a  piece  of  apparatus 
known  as  an  *  induction  coil,'  in  which  a  rapidly  interrupted  heavy 
current  of  low  E.M.F.  is  passed  through  a  few  turns  of  wire,  ad- 
jacent to  an  enormous  number  of  turns  of  finer  wire.  A  bundle 
of  thin  varnished  iron  wires  serves  as  a  core,  and  a  very  feeble 
current  of  extremely  high  E.M.F.  can  be  obtained  m  the  secondary 
circuit  Such  apparatus  has  proved  of  extreme  value  in  experi- 
mental researches ;  but  it  can  hardly  be  said  to  have  any  very 
great  importance  from  a  commercial  point  of  view. 

We  are  for  more  concerned  with  the  effects  obtained  by  pro- 
ceeding in  the  reverse  order,  viz.  by  making  the  length  of  the 
primary  much  greater  than  that  of  the  secondary. 

Supposing,  for  instance,  we  use  the  fine  wire  coil  of  an  ordi- 
nary induction  coil  as  the  primary,  and  the  thick  wire  coil  as  the 
secondary ;  the  former  offers  considerable  resistance,  and  it  will 
require  a  high  e.m.f.  to  send  an  alternating  current  of  even  feeble 
strength  through  it  But  on  measuring  the  resulting  current  in 
the  thick  wire  coil  (now  being  used  as  the  secondary),  it  will  be 
found  that  while  the  e.m.f.  is  low,  the  current  passing  through 
this  low  resistance  circuit  is  comparatively  very  heavy.   It  is  a  most 
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important  fact  that  by  constructing  such  an  induction  coil  so  that 
nearly  all  the  primary  lines  of  force  can  effectively  cut  the  second- 
ary, the  secondary  e.m.f.  can  be  made  to  l^ar  nearly  the  same 
ratio  to  the  primary  E.M.F.  that  the  number  of  convolutions  in  the 
one  coil  bears  to  the  number  m  the  other.  Therefore,  by  making 
the  resistance  of  the  magnetic  circuit,  and  the  electrical  resistance 
of  the  secondar}'  circuit,  both  very  low  indeed,  we  can  obtain  at 
the  terminals  of  the  latter,  an  altematmg  potential  difference  whose 
average  value  is  almost  equal  to  a  definite  fraction  of  the  average 
of  the  alternating  potential  difference  maintained  at  the  primary 
terminals. 

For  instance,  if  the  primary  consists  of  i,ooo  turns  and  the 
secondary  of  lo,  and  a  current  of  i  ampere  passes  through  the 
primary  coil  while  the  potential  difference  is  500  volts,  then  the 
secondary  current  may  be  100  amperes,  and  the  induced  e.m.f. 
rather  less  than  5  volts.  This  ii  the  important  case  with  which  we 
have  to  deal,  for  it  thus  becomes  possible  to  effect  the  much-desired 
object  of  transmitting  electrical  power  at  a  high  electrical  pressure, 
and  employing  it  at  the  required  point  at  a  lower  pressure.  A 
piece  of  apparatus  which  is  capable  of  effecting  this  transforma- 
tion from  high  to  low  E.M.F.,  is  called  a  'transformer.' 

The  first  transformer  was  constructed  in  1831  by  the  immortal 
Faraday.  The  principles  which  he  then  discovered,  of  the  re- 
markable action  of  a  varj'ing  current  upon  an  adjacent  circuit,  are 
of  almost  inconceivable  importance  ;  while  the  method  of  con- 
structing his  original  transformer,  which  we  shall  briefly  describe, 
was  well  abreast  of  the  then  existing  practice. 

Faraday  procured  a  welded  ring  of  soft  round  bar  iron,  \  inch 
thick,  the  external  diameter  of  the  ring  being  6  inches.  Round 
one  part  of  this  ring  he  wound  about  72  feet  of  copper  wire, 
^  inch  in  diameter,  in  three  superposed  helices,  the  distance  round 
the  ring  thus  covered  being  about  9  inches.  The  wire  was  bare, 
the  first  helix  being  insulated  from  the  iron  by  a  layer  of  calico,  and 
twine  was  wound  side  by  side  with  the  wire,  to  prevent  contact 
between  adjacent  convolutions.  Then  followed  another  layev  of 
calico,  Qvcr  which  was  wound  the  second  helix,  insulated  with 
twine  similarly  to  the  first,  then  another  layer  of  calico  followed 
by  the  third  helix,  the  whole  being  covered  by  calico. 
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